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RESUMO

Solos em agroecossistemas naturalmente podem possuir excesso de metais pesados, como o
cobre (Cu) e o zinco (Zn), assim como esses metais também podem ser derivados de acdes
antropicas. Porém, ndo ¢ suficientemente conhecido os limites criticos de transferéncia (LCT)
destes dois metais para a solucdo do solo. Este pode ser um parametro para a regulagdao de
concentragdes maximas permitidas de Cu e Zn em solos, reduzindo o potencial de
contaminagcdo ambiental e toxidez as plantas. Aliado a isso,sd0 escassos os estudos que
apresentam de forma associada, resultados sobre a dinamica de aciimulo e distribuigdo de
fragcdes de Cu e Zn, bem como as capacidades maximas de adsor¢do (CMA) destes dois
metais, em solos argilosos e arenosos, cultivados com vinhedos em clima subtropical. O
estudo objetivou estabelecer os LCT de Cu e Zn para a solucdo de solos com variagdes nos
teores de argila e matéria organica (MO), e o acimulo das fracdes desses dois elementos em
solos de vinhedos. O trabalho foi estruturado em trés estudos. No estudo 1, foram avaliados o
acimulo de fragdes e a CMA de Cu e Zn, em solos argilosos e arenosos de vinhedos com até
40 anos de cultivo, e com historico de aplicagdes de fungicidas foliares, em clima subtropical.
No estudo 2, desenvolvido em condi¢des controladas, foram estimados os teores de Cu e Zn
em solos com variagdes nos teores de argila e MO, a partir dos quais os dois elementos sdo
transferidos para a solu¢do do solo, representando aumento do potencial de contaminagao
ambiental. No estudo 3, desenvolvido em condi¢des semelhantes ao estudo anterior, foram
estabelecidos a CMA e os LCT de Cu e Zn, em solos com diferentes teores de argila e MO.
No estudo 1, os maiores acimulos de fracdes ¢ a CMA de Cu e Zn foram observados na
camada mais superficial dos vinhedos mais antigos, que possuiam maior historico de
aplicagdes de fungicidas. Nas camadas mais superficiais dos solos argilosos dos vinhedos, a
maior parte do Cu foi distribuida na fracdo organica (Cuyp). Porém, na camada mais
profunda, a maior parte do Cu foi distribuida na fragdo mineral (Cuyi,). Enquanto que para o
Zn os seus maiores teores foram observados na fracdo residual (Zng) no solo das duas
camadas avaliadas. Por outro lado, nas duas camadas dos solos arenosos de vinhedos, a maior
parte do Cu e Zn foram distribuidos na fragdo mineral (Cumin € Znwmin). Os solos argilosos
apresentaram maior CMA de Cu e Zn em relagdo aos solos arenosos, especialmente, por
causa do maior teor de matéria organica. As CMA de Cu e Zn diminuiram com o aumento da
idade dos vinhedos, sendo os maiores valores observados nas entre linhas dos vinhedos.No
estudo 2, os LCT de Cu variaram de 118 a 187 mg Cu kg, sendo os menores valores
observados em misturas de solos contendo menores teores de argila em combina¢do com
maiores teores de MO. Os LCT de Zn variaram de 61 a 116 mg Zn kg', sendo os maiores
valores observados em misturas de solos contendo os menores teores de argila em
combinacao com maiores teores de MO. No estudo 3,0s valores indicativos de limite critico
de transferéncia de Cu (T-Cu) variaram de 81 mg Cu kg até 588 mg Cu kg, nos solos
contendodiferentes teores de argila (Oxisol). Os valores do T-Cu de Cu variaram de 97 mg Cu
kg até 522 mg Cu kg™, nos solos contendo diferentes teores de MO (Inceptisol). Enquanto
que, os valores do T-Zn de Zn variaram de 195 mg Zn kg™ até 397 mg Zn kg™, nos solos
contendo diferentes teores de argila (Oxisol). Os valores de T-Zn de Zn variaram de 88 mg Zn
kg até 348 mg Zn kg™, nos solos contendo diferentes teores de MO. O uso de equacdes: T-
Cu (mg kg-1)= 75%(%CL™*"*(%OM"*°) para a estimativa dos valores de T-Cu; T-
Zn=2.7*(%CL)+126 ¢ T-Zn= -9.3*(%OM)*+92.4*(%OM)+66 para estimativa dos valores de
T-Zn podem ser utilizadas como balizadores seguros para 6rgaos de fiscalizagdo, institui¢cdes
de assisténcia técnica e agricultores, como indicadores para o monitoramento do potencial da



contaminac¢do ambiental. Os solos argilosos apresentaram maior CMA Cu/Zn, em relagdo aos
solos arenosos, especialmente, por causa do maior teor de matéria organica.

Palavras-chaves: Metais pesados. Poluigdo ambiental. Contaminagdo do solo. Fra¢des de Cu
e Zn.
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ABSTRACT

Soils in agroecosystems may naturally have an excess of heavy metals, such as copper (Cu)
and zinc (Zn), just as these metals can also be derived from anthropic actions. However, the
critical transfer limits (LCT) of these two metals for the soil solution are not sufficiently
known. This can be a parameter for the regulation of maximum permitted concentrations of
Cu and Zn in soils, reducing the potential for environmental contamination and toxicity to
plants. Allied to this, there are few studies that present, in an associated way, results on the
dynamics of accumulation and distribution of fractions of Cu and Zn, as well as the maximum
adsorption capacities (CMA) of these two metals, in clayey and sandy soils, cultivated with
vineyards in a subtropical climate. The study aimed to establish the Cu and Zn LCT for the
solution of soils with variations in the contents of clay and organic matter (OM), and the
accumulation of fractions of these two elements in vineyard soils. The work was structured in
three studies. In study 1, the accumulation of fractions and the CMA of Cu and Zn were
evaluated in clayey and sandy soils in vineyards with up to 40 years of cultivation, and with a
history of foliar fungicide applications, in a subtropical climate. In study 2, developed under
controlled conditions, the Cu and Zn contents in soils with variations in the clay and OM
contents were estimated, from which the two elements are transferred to the soil solution,
representing an increase in the potential for environmental contamination. In study 3,
developed under conditions similar to the previous study, CMA and LCT of Cu and Zn were
established in soils with different clay and OM contents. In study 1, the largest accumulations
of fractions and the CMA of Cu and Zn were observed in the most superficial layer of the
oldest vineyards, which had a greater history of fungicide applications. In the more superficial
layers of the clayey soils of the vineyards, most of the Cu was distributed in the organic
fraction (Cumo). However, in the deepest layer, most of the Cu was distributed in the mineral
fraction (Cupmin). While for Zn, its highest levels were observed in the residual fraction (Zng)
in the soil of the two layers evaluated. On the other hand, in the two layers of sandy soils in
vineyards, most of Cu and Zn were distributed in the mineral fraction (Cupmi, and Zny,). The
clayey soils showed a higher CMA of Cu and Zn compared to sandy soils, especially because
of the higher content of organic matter. The CMA of Cu and Zn decreased with the increase
in the age of the vineyards, with the highest values observed in the inter-vineyard lines. In
study 2, the LCT of Cu ranged from 118 to 187 mg Cu kg™, the lowest values being observed
in soil mixtures containing lower clay contents in combination with higher OM levels. The
LCT of Zn varied from 61 to 116 mg Zn kg, with the highest values observed in soil
mixtures containing the lowest clay content in combination with the highest OM content. In
study 3, the indicative values for the critical Cu transfer limit (T-Cu) ranged from 81 mg Cu
kg to 588 mg Cu kg™, in soils containing different clay contents (Oxisol). The T-Cu values
ranged from 97 mg Cu kg to 522 mg Cu kg, in soils containing different levels of OM
(Inceptisol). Whereas, the values of T-Zn of Zn varied from 195 mg Zn kg™ to 397 mg Zn kg’
! in soils containing different levels of clay (Oxisol). The T-Zn values of Zn ranged from 88
mg Zn kg-1 to 348 mg Zn kg-1, in soils containing different levels of OM. The use of
equations: T-Cu (mg kg™") = 75*%(%CL"**)*(% OM"*’) to estimate the T-Cu values; T-Zn =
2.7%(%CL)+126 and T-Zn = -9.3*(%OM)*+92.4*(%OM)+66 to estimate T-Zn values can be
used as safe beacons for organs inspection agencies, technical assistance institutions and
farmers, as indicators for monitoring the potential of environmental contamination. The
clayey soils showed a higher CMA Cu/Zn, compared to sandy soils, especially because of the
higher content of organic matter.
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1 INTRODUCAO GERAL

As videiras cultivadas na regido Sul do Brasil estdo localizadas em areas climéaticas
favoraveis a ocorréncia de doencas fungicas foliares. O uso sucessivo e indiscriminado de
fungicidas a base de cobre (Cu) e zinco (Zn), para o controle preventivo dessas doencas pode
acarretar acimulo desses metais no solo ao longo dos anos, principalmente nas camadas mais
superficiais, atingindo teores que sdo muito mais elevados em comparagdo as areas de
referéncia, como solos de florestas ou campo natural. Isso pode causar aumento da absor¢ao
desses elementos pelas plantas e das concentragdes nos tecidos vegetais, ultrapassando as
quantidades necessarias para o adequado desenvolvimento das plantas, podendo atingir niveis
de fitotoxidez (Fernandez-Calviiio et al., 2012; Ruyters et al., 2013; Pérez-Rodriguez et al.,
2016). Além disso, parte do Cu e do Zn em excesso no solo pode ser transferida para aguas
superficiais, adjacentes aos vinhedos, mas também a &guas subsuperficiais, causando a
contaminac¢do dos rcursoso hidricos (Rinklebe et al., 2017; Wisawapipat et al., 2017).

O Cu e 0 Zn sao elementos que sao adsorvidos por ligacdes fisico-quimicas no solo e
cuja labilidade ¢ dependente do ligante, do conteudo de minerais, 6xidos e hidroxidos de Fe,
Al e Mn, carbonatos e matéria organica (Bradl, 2004). Além desses fatores, o valor de pH do
solo (Chaignon et. al., 2003; Rodrigues et al., 2012; Huang et al., 2014), da capacidade de
troca de cations (CTC) e da composi¢ao da matéria organica (Fernandez-Calvifio et al., 2010).
Comumente, a adsor¢do dos metais pesados no solo ocorre primeiramente nos sitios de
ligacdo com maior afinidade pelo elemento, formando complexos de esfera interna com a
superficie dos 6xidos de ferro (Fe). Em seguida, sdo redistribuidos em fragdes retidas com
menor energia de ligacdo e, por consequéncia, de maior disponibilidade e mobilidade
(Brunetto et al., 2016).

As reagdes de adsorcao influenciam na disponibilidade e mobilidade de nutrientes no
ambiente e sdo definidas pelo acimulo de um determinado elemento na interface existente
entre a fase solida e a fase liquida do solo (Sposito, 1989). J4 a dessorcdo, tem sua
importancia fundamentada na predicao das taxas e da mobilidade de determinado elemento no
solo, definida pela liberagdo de elementos quimicos retidos na interface soélido-liquido, ou
seja, o processo inverso da adsor¢do (Meurer, 2012). Assim, os estudos de cinética de
adsor¢do em solos, por exemplo, onde ¢ estimada a capacidade méxima de adsor¢dao (CMA)
de elementos quimicos, como o Cu e Zn, podem auxiliar na predi¢do dos reais riscos de
contamina¢do ambiental (Fangueiro et al., 2005), por exemplo, em vinhedos (Casali et al.,

2008). Entretanto, o real potencial de contaminagdo do solo também pode ser melhor
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compreendido com a estimativa do limite critico de transferéncia (LCT), por exemplo, de Cu
(LCT Cu) ou Zn (LCT Zn) no solo. O LCT representa o ponto de inflexdo, a partir do qual, se
observa que maiores quantidades de Cu e Zn sdo liberadas da fase solida para a solugdo do
solo. Porém, até o presente momento os LCT de Cu e Zn nao sdo suficientemente conhecidos
na literatura, enquanto o estabelecimento desses valores, poderdo contribuir na melhoria de
normativas ambientais estabelecidas pelas agéncias de regulamentacdo ambientais.

Associado a tudo isso, cabe ressaltar que sao escassos os estudos que apresentam de
forma conjunta a capacidade maxima de adsor¢do (CMA) de Cu e Zn no solo, bem como a
distribuicdo de suas fragdes em solos argilosos, arenosos e com diferentes teores de MOS, em
vinhedos localizados em tradicionais regides vitivinicolas da América Latina, como a Serra
Gaucha e Campanha Gaucha, localizadas em clima subtropical. Os resultados obtidos nesse
estudo também poderdo auxiliar na defini¢dao do real potencial de contaminac¢dao ambiental do
Cu e Zn, além de prevenir efeitos de toxidez as plantas presentes em vinhedos, sejam videiras
ou espécies de plantas de cobertura do solo, que contribuem na ciclagem de nutrientes e

reducao da erosao hidrica.
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1.1 HIPOTESES

a)

b)

Solos de vinhedos arenosos e argilosos apresentam diferentes potenciais de
poluicdo ambiental por Cu e Zn, o que poderd ser avaliado através da
determinagdo da CMA e das fracdes em que esses elementos se encontram
em solos de vinhedos;

A partir do estabelecimento dos limites criticos de transferéncia (LCT) para
Cu e Zn em solos com diferentes teores de argila e matéria organica (MO),
serdo estabelecidos quais solos apresentam maior ou menor risco a poluicao
por estes elementos;

Alguns solos de vinhedos do Sul do Brasil apresentam elevado potencial de
dessorcao de Cu e Zn, o que podera ser estipulado pelo limite critico de
transferéncia (LCT), calculado a partir dos teores de argila e matéria organica

do solo (MO).
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1.2 OBJETIVOS

1.2.1 Objetivo Geral

Determinar os limites criticos de transferéncia (LCT) de Cu e Zn para a solug¢do, em
solos com variacdes nos teores de argila e matéria organica (MO), e o acimulo de suas

fragdes em solos argilosos e arenosos de vinhedos, localizados em clima subtropical.

1.2.2 Objetivos Especificos

a) Avaliar o acimulo de fragdes e a CMA de Cu e Zn, em solos argilosos e
arenosos de vinhedos com até 40 anos de cultivo, ¢ com historico de
aplicacdes de fungicidas foliares em clima subtropical;

b) Estimar os teores de Cu e Zn em solos, com variagdes dos teores de argila e
MO, a partir dos quais, os dois metais pesados sdo transferidos para a solugao
do solo, representando aumento do potencial de contaminacao ambiental;

C) Estabelecer a CMA e LCT de Cu e Zn em solos com diferentes teores de

argila e MO.
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2 REVISAO BIBLIOGRAFICA

2.1Vitivinicultura no Sul do Brasil

A regido Sul do Brasil € a principal responsavel pelo cultivo de videiras, americanas
e viniferas, com grande destaque para o estado do Rio Grande do Sul (RS). Este estado ¢
responsavel por cerca de 90% da producdo de uva nacional, em que quase sua totalidade se
destina a agroindustria do suco e do vinho, sendo predominantemente produzida por
agricultores da agricultura familiar (CONAB, 2019). Nos ultimos anos, com a implementagao
das Indicagdes Geograficas no Brasil, a viticultura tem contribuido fortemente para o
desenvolvimento dos territérios envolvidos, promovendo a agregagao de valor aos produtos e
a valorizagao de seus fatores naturais e culturais.

Em 2019 foram produzidas aproximadamente 614,2 mil toneladas de uvas no Brasil,
com uma reducdo de 10% em relacdo a safra do ano de 2018. Essa redug¢do foi ocasionada por
adversidades climaticas, que resultaram em diminui¢ao na produgdo. No Rio Grande do Sul
(RS), maior estado produtor de uvas, ocorreu redu¢ao de 10% na producdo de 2019 em
relacdo a 2018. A producdo de uvas destinadas ao processamento (vinho, suco e derivados)
foi de 404,773 milhdes de quilos, em 2019, representando 65,89% da produgdo nacional,
enquanto o restante da producdo (34,11%) foi destinado ao consumo in natura. A area
cultivada com vinhedos no estado do RS ocupa 40.232,55 hectares. A produgdo de vinhos,
suco e derivados do RS foi de 583,015 milhdes de litros. Em 2019, as exportacdes brasileiras
do setor vitivinicola foram de 81,81 milhdes de dolares, o que representa um pouco mais de
1% do PIB nacional (IBRAVIN, 2019).

No estado do RS se destacam duas regides produtoras de uvas, a Serra Gatcha e a
Campanha Gatcha. A Campanha Gatcha esta localizada em altitude de 100 a 300 m,
apresentando médias anuais de precipitacdo, temperatura e umidade relativa do ar de 1.370
mm, 18,4°C e 75%, respectivamente. Os vinhedos estdo em grande parte localizados sobre a
classe dos Argissolos Vermelhos. A regido da Serra Gaucha, considerada a mais tradicional
regido produtora de uvas e vinhos do Brasil, esta localizada em altitude de 600 a 800 m,
apresentando médias anuais de precipitacdo, temperatura e umidade relativa do ar de 1.700
mm, 17,2°C e 76%, respectivamente. Os vinhedos normalmente sdo instalados sobre os
Neossolos Litolicos.

Devido as precipitagdes frequentes e em volumes elevados, que geram condicao de

alta umidade no dossel vegetativo das videiras, isso favorece o aparecimento e
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desenvolvimento das doencas fungicas. Além disso, a frequéncia com que ocorrem as
precipitagdes pluviométricas ¢ um dos fatores que governa a frequéncia das aplicagdes de
fungicidas, pois as precipitagdes provocam remocdo parcial do fungicida que se encontra
sobre a superficie das folhas, ramos, caules e frutos. Isso faz com que os produtores realizem
varias aplicagdes de fungicidas ao longo do ciclo da cultura, buscando minimizar os efeitos
das doengas sobre a produtividade das videiras (Mackie et al., 2012; Ruyters et al., 2013). As
novas aplicagdes de fungicidas apos cada precipitagdo sdo feitas, especialmente, nos estagios
de florescimento e frutificacdo. Os principais fungicidas aplicados possuem na composicao o
Cu, como ¢ o caso da calda bordalesa [Ca(OH), + CuSQO4] e oxicloreto de Cu
[CuCl,.3Cu(OH);], e o Zn, encontrado no Mancozeb (C4H¢MnN,S, x Zn)(Tiecher et al.,
2018).

O Cu e o Zn podem ser depositados sobre o solo, através da senescéncia de folhas e
deposicdo de ramos podados ao longo das podas de inverno ou podas verdes, realizadas ao
longo do periodo vegetativo e produtivo. Mas também, por causa da unidirecionabilidade das
aplicagcdes de fungicidas. Com isso, ao longo dos anos se espera acumulo de Cu e Zn,
predominantemente nas camadas mais superficiais dos solos, especialmente, porque eles nao
sdo revolvidos (Brunetto et al., 2014) e também devido a baixa mobilidade desses elementos
no solo. O incremento de Cu e Zn em solos pode potencializar a toxidez as videiras ou mesmo
as plantas de cobertura que coabitam os vinhedos (Miotto et al., 2014). Mas também, podem
potencializar a contaminacao de dguas superficiais (Antoniadis et al., 2017), localizadas nos
entornos dos vinhedos ou mesmo aguas subsuperficiais (Li et al., 2016), especialmente em
vinhedos instalados em solos arenosos e com baixo conteudo de matéria organica do solo

(Brunetto et al., 2014; Miotto et al., 2014).

2.2 Acumulo de Cu e Zn em solos de vinhedos

Metal pesado ¢ a denominagdo dada para um grupo de metais e semimetais que estdo
associados a poluigdo ambiental e a uma potencial toxicidade aos seres vivos (Duffus, 2002).
Sdo elementos que possuem massa especifica maior do que 5,0 g cm™ e sdo encontrados
naturalmente no solo em concentragdes que variam de pug a mg kg'1 (Marsola et al., 2005). O
Cu e Zn s3o dois metais pesados comumente associados a contaminagdo ambiental e a
toxidade as plantas e microrganismos do solo (Nagajyoti et al., 2010). O Cu e o Zn presentes
nos solos derivam dos minerais primarios do solo ou da deposigdo antropogénica,

principalmente de fertilizantes inorganicos, estercos organicos e aplicacdes de agrotoxicos
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(Vazquez de la Cueva et al., 2014; Sun et al., 2017). Em concentrac¢des baixas, o Cu e 0 Zn
sdo micronutrientes essenciais as plantas, mas sdo toxicos em niveis mais elevados, sendo
considerados elementos contaminantes nos solos (Avkopashvili et al., 2015).

No Brasil, estudos identificaram que em éreas de vinhedos, 30 kg Cu ha™ ano™
podem ser adicionados ao sistema de produgdo através da aplicacdo de fungicidas para o
controle preventivo de doengas, em especial do Mildio (Plasmoparava viticola) (Casali et al.,
2008; Miotto et al., 2017; Brunetto et al., 2017). Estas adi¢gdes contribuem para que o teor
deste elemento no solo ultrapasse facilmente o limiar considerado como alto, 0,4 mg Cu kg™,
estabelecido pela Comissao de Quimica e Fertilidade do Solo dos estados do Rio Grande do
Sul e Santa Catarina (CQFS-RS/SC, 2016). Na Europa, o risco potencial de contamina¢ao do
solo e da agua com Cu levou a Unido Europeia (UE) a restringir a aplicagcdo de agrotoxicos
que contenham Cu em suas formulagdes. Pela legislagdo europeia essa quantidade nao devera
exceder 6 kg Cu ha™' ano™, sendo que em alguns paises esses agrotoxicos foram banidos.
Apesar da limitacdo, algumas caracteristicas quimicas e fisicas dos solos encontrados na Italia
permitem a incorporagdo de quantidades consideradas muito elevadas de Cu (até 1000 mg kg
") e mesmo assim ndo causam efeitos toxicos as videiras (Toselli et al., 2009).

Dependendo do tipo, especialmente dos materiais constituintes, o solo pode atuar
como um importante regulador da disponibilidade de Cu e Zn para o ambiente (Argyraki et
al., 2017), por meio de sua notavel capacidade de imobilizar ions metélicos através dos
fendmenos de adsor¢do. Esse comportamento varia entre ss classes de solos e em fungao de
uma ou mais propriedades do solo (Bradl, 2004). Os coldides mais importantes relacionados a
adsorcdo de metais pesados nos solos sdo a matéria organica, minerais de argila e 6xidos de
Fe, Al e Mn (Gerritse et al., 1984; Shuman, 1988; Sparks et al., 1995). Caso o equilibrio
desses constituintes seja alterado, por razdes naturais ou antropogénicas, o Cu e o Zn que
estdo adsorvidos as particulas s6lidas podem ser liberados para a solucao do solo, fendmeno
que ¢ conhecido como dessor¢do. A retencdo de metais pesados no solo pode causar varias
implicacdes a longo prazo, podendo interferir nas caracteristicas fisico-quimicas e bioldgicas,
bem como na fertilidade e produtividade dos solos afetados (Antic-Mladenovic et al., 2010).

No solo, os metais pesados podem sofrer varios processos, tais como:
adsorcao/dessorcao; reacdo de precipitacdo/diluicdo; oxidacdo/reducdo; dissolugdo; absor¢ao
pelas plantas e percolagdo através do perfil do solo (Ramachandran et al., 2013). Embora
esses processos possam ocorrer de forma simultanea, a disponibilidade e a solubilidade sdo
dependentes da adsorc¢ao desses elementos na fase sélida do solo (Sparks, 1999). Entender os

mecanismos que controlam as interagdes dos metais pesados com as superficies minerais e
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com a matéria organica dos solos &, portanto, essencial para obter uma visdo sobre a potencial
capacidade que um determinado tipo de solo possui em receber cargas de Cu e Zn sem que

ocorra a contaminacao ambiental dos ecossistemas (Cecchi et al., 2008).
2.3 Capacidade maxima de adsorc¢ao e fracoes de Cu e Zn no solo

As reagoes de adsor¢ao e dessor¢do que ocorrem na interface solido-liquido do solo
funcionam como um importante mecanismo controlador da atividade de elementos quimicos,
ndo apenas na solug¢do do solo, mas também em corpos de aguas naturais (McBride et al.,
1997, Violante et al., 2008). A adsor¢ao pode ser definida como sendo a acumula¢do de um
elemento ou substancia na interface entre a superficie solida e a solucao adjacente (Meurer,
2012). A adsor¢ao de metais pesados pelo solo depende de varios fatores, tais como os teores
de argila, matéria organica, 6xidos de Fe, Al e Mn, pH do solo, capacidade de troca de cations
(CTC) e constituicdo mineraldgica do solo (Gerritise et al., 1984; Shuman, 1988; Spark et al.,
1995).

As reacoes de adsorcao podem ser classificadas em dois tipos: adsor¢do eletrostatica
e adsor¢do especifica. A adsorcao eletrostatica ou complexo de esfera externa, ocorre quando
ha interposi¢do de pelo menos uma molécula de 4gua entre o grupo funcional de superficie e o
ion ou molécula da solug¢do, o que diminui a energia da interacdo. Neste caso, existe apenas
uma atracdo eletrostatica entre os ions e as superficies de cargas opostas. A adsor¢ao
especifica ou complexo de esfera interna ¢ a principal forma de ligagdo dos cations metalicos
as particulas solidas do solo, incluindo Cu*" e Zn*". E uma ligagdo com elevada energia de
adsor¢do, visto que os ions ligam-se diretamente ao grupo funcional de superficie,
independente da carga da particula do solo (Zhang & Yu, 1997; Meurer et al., 2012), o que
confere uma baixa reversibilidade a esse tipo de ligacdo. J& a dessor¢do pode ser definida
como o mecanismo de liberacdo de um ion retido pela fase solida do solo para a solucao do
solo e normalmente ¢ um processo mais dificil de ocorrer que a adsor¢do. Geralmente, ndo ha
dessorcao de todos os ions ou moléculas que foram adsorvidos em uma reacao, ocorrendo
reacdes que parecem ser irreversiveis, caracterizando a histerese, ou uma diferenca nos teores
adsorvidos e os dessorvidos (Sparks, 1989). Esta histerese ¢ afetada fortemente pelo tipo de
particulas adsorventes dos solos, especialmente as substancias humicas, e pelo tempo em que
0 Processo ocorreu.

A quantidade da fragdo argila ¢ um dos fatores de maior importancia na adsor¢ao de

Cu e Zn no solo e, consequentemente, nas suas disponibilidades (Argyraki et al., 2017).
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Assim, o aumento da quantidade de argila presente no solo tende a aumentar os teores de Cu e
Zn adsorvidos pelo solo, sendo que o Cu interage mais fortemente com a superficie das
argilas do que o Zn (Fernandez et al., 2015). A adsor¢do de Cu com os constituintes minerais
do solo ocorre, normalmente, com ligacdes de alta especificidade e a valores de pH mais
elevados, com formacao de espécies metélicas hidrolisadas (McBride, 1989), o que se deve a
maior eletronegatividade do Cu em relagdo ao Zn. Ainda em relacdo a fracdo argila, a
presenca de minerais secundarios como a caulinita e gibbsita, favorece a adsor¢ao de Cu que
ocorre por meio da adsor¢do especifica, uma vez que o atomo de Cu apresenta na camada
eletronica mais externa um elétron desemparelhado. Esta caracteristica proporciona a este
elemento maior capacidade de compartilhamento de elétrons com grupos funcionais com
insuficiéncia eletronica. Dentre esses grupos funcionais estdo a carboxila e OH fendlico de
substancias humicas, e o grupo OH da caulinita e de 6xidos, oxihidroxidos e hidroxidos de Fe,
Al e Mn ¢ em silicatos amorfos (Canellas et al., 1999).

Em um estudo avaliando o efeito de minerais de argila e matéria organica na
capacidade de adsorcao de Cu e Zn em solos alcalinos, Rafaey et al. (2017) verificaram que a
adsor¢ao de Zn apresentou retengdo reduzida para os componentes do solo apds a adsor¢ao
prévia com matéria organica, confirmando que as fases minerais sdo sorventes preferenciais
para o Zn. Ja o Cu exibiu sor¢do mais alta com a matéria organica em relagcdo as fragdes
minerais do solo, formando complexos de esfera interna. Esse estudo mostra que esses metais
tém grande interagdo com os constituintes organicos e¢ minerais do solo, os quais sao
responsaveis pela sua adsor¢ao. Além disso, em geral, o incremento de matéria organica em
solos faz com que ocorra o aumento da adsor¢do de Cu e Zn no solo em fragdes ligadas aos
oxidos de Fe (Nascimento et al., 2007), embora essa adsor¢do seja maior para o Cu do que
para o Zn (Mesquita & Carranca et al., 2010). Assim, as praticas que mantém ou incrementam
os teores de matéria organica em solos podem diminuir a disponibilidade de Cu e Zn no solo,
bem como a redistribui¢do desses elementos em todas as fragdes (Shuman, 1988), mantendo
estes metais indisponiveis as plantas (Wei et al., 2006).

Em condi¢des de pH do solo elevado a adsorcdo de Cu e Zn pelos constituintes
minerais do solo pode ocorrer de maneira especifica e, consequentemente, ocorre maior
acumulo nas superficies das particulas minerais e diminui a mobilidade desses elementos no
solo (McBride, 1994). Em solos acidos, pelo fato de ter sua adsor¢do reduzida ou ocorrer
adsor¢do na forma trocavel, o Zn apresenta menor retencao no solo, comparativamente ao Cu,
como observado por Girotto et al. (2007), que verificaram maior acimulo de Cu no solo em

comparagdo ao Zn, mesmo que as quantidades de Zn adicionadas ao solo foram maiores. Essa
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adsorcdo mais fraca do Zn em comparagdo ao Cu, explica sua maior mobilidade e
biodisponibilidade no solo, também relatada por Amaral Sobrinho et al. (1998).

A adsorcao dos ions em solos pode ser representada graficamente por isotermas de
adsor¢do. A isoterma mostra a relacdo entre a quantidade do ion adsorvido a fase sélida (eixo
das ordenadas) com sua concentra¢do na solucdo (eixo das abcissas), numa dada temperatura.
Geralmente, em solos, a relagdo entre a quantidade de um ion quimiossorvido na fase sélida e
sua concentracao na solucao do solo pode ser descrita por quatro tipos de isotermas: tipo-S,
tipo-C, tipo-H e tipo-L. Na isoterma do tipo S, em baixas concentragdes ocorre baixa
afinidade do adsorbato pelo adsorvente, devido a interferéncia de outras substancias, como da
matéria organica na quimiossor¢do do cobre. Na isoterma do tipo-C ha um indicativo de um
mecanismo de parti¢cdo, ocorrendo uma contsante afinidade do adsorbato pelo adsorvente, e os
ions ou moléculas que se distribuem entre a interface sélido-solu¢ao, sem nenhuma ligagao
especifica entre o absorvente e o absorbato. Na istoterma do tipo-H, o adsobato apresenta
altissima afinidade pelo adsorvente indicando formagdo de complexos de esfera-interna.
Dentre os modelos descritos, o0 modelo bastante utilizado para descrever a adsor¢ao especifica
de anions em solos ¢ o do tipo-L (Langmuir), descrito por Sparks (1995). Por meio deste
modelo € possivel observar que ha uma alta afinidade do adsorbato (ion da solugdo) pelo
adsorvente (fase solida) que, entretanto, decresce a medida que os sitios de adsor¢do sdo

preenchidos.

__ kxCmax xCsol
" 1+4k=Csol

(1)

Onde: g ¢ a quantidade adsorvida do ion; Cmax representa a capacidade maxima de sor¢ao do
ion; k£ ¢ a constante relacionada a afinidade do adsorvente pelo adsorvato e Csol ¢ a
concentracao do ion na solugao.

As fracdes de Cu e Zn em solos podem ser estimadas usando os fracionamentos
quimicos, como proposto por Tessier et al. (1979) e ja utilizado por outros autores em estudos
realizados em solos de vinhedos (Girotto et al., 2016; Miotto et al., 2017; Brunetto et al.,
2018). O fracionamento permite a estimativa das fragdes soluveis (Cuso/Zns,), trocaveis
(Cug/Cug), ligadas a matéria organica (Cuom/Znowm), ligadas aos minerais (Cupin/Znnin ), €, por
ultimo residuais (Cugr/Zng), além da fra¢do total (Cur/Znt). Assim, a estimativa da
distribuicao de fracdes de Cu e Zn em solos permite definir o real potencial de toxidez dos

metais as plantas, mas também, a migracdo e a potencialidade de contaminacdo de aguas
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superficiais e subsuperficiais, especialmente, em solos mais arenosos € com menores teores de

matéria organica (Rinklebe and Shaheen, 2014; Qi et al., 2014).

2.4 Limite critico de transferéncia (LCT) de Cu e Zn no solo

A carga critica do solo para os metais pesados ¢ definida como sendo a capacidade
total aceitavel limitada pelo incremento desses elementos quimicos no solo, incluindo a
deposicao de insumos como fertilizantes, pesticidas e outras fontes antropogénicas (JP et al.,
2007). Dessa maneira, quando os teores de metais pesados atingem niveis muito elevados, o
solo perde a capacidade de reté-los e, a partir deste ponto, maiores quantidades de metais
pesados podem ser liberadas das particulas solidas do solo para a solugdo (Antoniadis et al.,
2017). Segundo Gatiboni et al. (2015), esse ponto ¢ chamado de Limite Critico Ambiental
(LCA). O conhecimento da carga critica do solo para os metais pesados ¢ uma importante
ferramenta que pode ser usada para prevenir a polui¢do ambiental através do gerenciamento
de praticas de manejo na produgdo agricola que levam ao acimulo em excesso de metais
pesados no solo (Wu et al., 2009).

Padrdes atuais que estabelecem limites criticos ambientais para metais pesados
potencialmente toxicos nos solos, utilizados como referéncias na agricultura em muitos
paises, ndo consideram as diversas espécies de culturas e os efeitos das propriedades do solo.
Geralmente, esses limiares sdao calculados a partir dos niveis maximos de metais
potencialmente toxicos em produtos alimentares para varias culturas e pelo modelo de
transferéncia solo-planta (De Vries et al., 2013). Portanto, podem superestimar ou subestimar
valores de referéncias para cada situacdo, resultando em custos econdomicos ou ecoldgicos
desnecessarios (Recatald et al., 2010). Por exemplo, mapas de cargas criticas para metais
pesados e seus excedentes foram publicados para a Europa e Canada (Patrick et al., 2003; JP
et al., 2007), usando varias abordagens, mas tem havido poucas tentativas de estudar as cargas
criticas com respeito a diferentes efeitos ambientais. Além disso, a Agéncia de Protecdo
Ambiental dos Estados Unidos (EPA) e a Organizacdo Mundial da Saude (OMS, 2004)
estabeleceram limites admissiveis para os teores de metais pesados com base na sua
toxicidade, apenas em relacdo a agua potavel (Rasheed et al., 2018). Além disso, as
concentragdes maximas permitidas para os metais pesados nos solos agricolas de alguns
paises apresentam ampla margem de variagdo, como por exemplo, na Alemanha em que se

tem 60 mg Cu kg™ e 200 mg Zn kg como concentragdes maximas permitidas, enquanto nos
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Estados Unidos estes valores sdo de até 1500 mg Cu kg™ ¢ 2800 mg Zn kg (Rasheed et al.,
2018).

Diante disso, a estimativa da exposicdo ambiental a poluentes, como os metais
pesados ¢ um passo crucial na avaliagdo dos riscos ecoldgicos, fortemente influenciada por
pequenas variacdes dos componentes ambientais (Jiang et al., 2018). Portanto, ¢ essencial o
estabelecimento de limiares precisos para o manejo seguro do solo (Jiang et al., 2018), de
acordo com as diferentes varidveis fisico-quimicas que podem interferir na disponibilidade

desses elementos no solo.
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3 ARTIGO 1

Copper and Zinc in the soil of vineyards with different cultivation history located in a

subtropical climate region: chemical fractions and maximum adsorption capacities

ABSTRACT

Vineyards with long history of cultivation in sandy and clayey soils, located in regions
presenting subtropical climate, still lack studies associating Copper (Cu) and Zinc (Zn)
fraction accumulation with distribution dynamics, as well as studies about the maximum
adsorption capacities (MAC) of these metals. The aim of the present study was to assess Cu
and Zn fraction accumulation and MAC in sandy and clayey soil in vineyards with different
cultivation history located in subtropical climate region. Vineyards with short (<20 years),
intermediate (20-35 years) and long cultivation history (>35 years), besides the reference sites
(native fields and forest) — adjacent to the vineyard. Soil collection in vineyards younger than
20 years and the ones in the age group 20-35 years were carried out in crop rows and between
rows. Soil samples were subjected to chemical analysis in order to feature Cu and Zn
chemical fractionation; MAC-Cu/Zn was estimated. The highest accumulation of all fractions
and the highest MAC-Cu/ZN was observed in the most superficial layer (0.00-0.10 m) of the
oldest vineyards, which were installed in clayey and sandy soils. Most Cu was distributed in
the organic fraction (Cupy) in the most superficial layer (0.00-0.10 m) of clayey soils.
However, most Cu was distributed in the mineral fraction (Cuy,) in the deepest layer (0.10-
0.20 m), whereas the highest Zn contents were observed in the residual fraction (Zng) of the
two assessed layers. On the other hand, most Zn and Cu were distributed in the mineral
fraction (Cupmin and Znyg,) in the two layers of sandy soils. Clayey soils presented higher
MAC-Cu/Zn than the sandy ones. Copper and Zinc MAC decreased as vineyards aged; the
highest Cu and Zn values were observed between vineyard crop rows.

Keywords: Leaf fungicides. Heavy metals. Cu and Zn fractions. Adsorption isotherms.
Environmental pollution.
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3.1 INTRODUCTION

The need for controlling fungal diseases affecting grapevines is linked to the
technical and regulated recommendation of Cu- and Zn-based fungicide use (Mirlean et al.,
2007; Cambrollé et al 2015), mainly in humid subtropical climate regions where rainfall is
frequent and relative air humidity is high. These features potentiate the incidence of leaf
diseases and reduce the yield and quality of grape and of its byproducts (Brunetto et al.,
2016). Grapevine shoot is the aim of leaf fungicide applications; however, the pruning
practice throughout the years and vegetal material deposition on the soil can increase the total
Cu and Zn contents in vineyard soils, mainly in surface layers (da Rosa Couto et al., 2015;
Brunetto et al., 2017; Campillo-Cora et al., 2019). Such accumulation changes the of these
metals’ fractionation and their maximum adsorption capacities, a fact that can potentiate their
toxicity in grapevines and in soil cover plant species (Brunetto et al., 2017; Tiecher et al.,
2018; De Conti, et al., 2019; Sonada et al., 2019), as well as increase the risk of
environmental contamination (Rinklebe et al., 2017).

Copper and zinc added to vineyards through fungicides, or through organic
fertilizers, application of pig slurr, used as nutrient source for grapevines, can be adsorbed to
the soil through physical-chemical bonds whose lability depends on the content of clay
minerals, Fe, Al and Mn oxides and hydroxides, as well as on carbonates (Brunetto et al.,
2014), soil pH (Rodrigues et al., 2012; Huang et al., 2014; Read et al., 2016), cation-exchange
capacity (CEC), and organic matter content and composition (Fernandez-Calvino et al., 2010;
Refaey et al., 2017).

Part of Cu and Zn can be adsorbed to sites presenting high binding affinity with
functional reactive groups of mineral constituents and in organic soil; they form inner-sphere
complexes (Telkapalliwar et al., 2018). The remaining Cu and Zn can be distributed in
fractions retained with lower ligation energy, for instance, soluble and exchangeable fractions
(Tessier et al., 1979; Rinklebe and Shaheen, 2014), which have greater lability and,
consequently, greater mobility in soil profile (Brunetto et al., 2016). Thus, as Cu and Zn
content in the soil increases throughout the years, the soluble and exchangeable fractions of
these elements can increase their toxicity in grapevines and/or the contamination of surface
and/or sub-surface water (Brunetto et al., 2018).

The Cu and Zn chemical fractionation is performed, as suggested by Tessier et al.
(1979) and other authors in studies conducted with vineyard soils (Miotto et al., 2017;

Brunetto et al., 2018; Beygi et al., 2019). Copper and zinc chemical fractionation in soil
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allows estimating the soluble (Cuso/Zns,) and exchangeable (Cugp/Cug) fractions, as well as
fraction bond to organic matter (Cuom/Znom) and to minerals (Cunin/Znwin); and, finally, to
residual fractions (Cur/Zng), once first fractions have been removed, the residual solid should
contain primary and secondary minerals, which may hold trace Cu and Zn within their crystal
structure. These metals are not expected to be released in solution (Tessie et al 1979). Thus,
Cu and Zn fraction distribution in vineyard soils enables defining the real toxicity potential of
these metals in plants, but also the migration and potential surface and sub-surface water
contamination, mainly in sandier soils and in soils with lower organic matter content
(Rinklebe and Shaheen, 2014; Qi et al 2014). This process in vineyards located in a
subtropical climate region that covers a considerable cultivation area is not well-known.

In addition, soil layers in vineyard rows and between rows can present different Cu
and Zn maximum adsorption capacities (MAC-Cu and MAC-Zn), a fact that can increase the
toxicity potential of these elements in plants, but also the potential transfer to deeper soil
layers. Ion adsorption in soils can be represented by adsorption isotherms (Selim, 2014; Al-
Ghouti and Da’ana, 2020). The isotherm shows the association between the adsorbed ion in
the solid phase and solution concentration at a certain temperature (Rinklebe and Shaheen,
2017; Elbana et al., 2018). Oftentimes, the link between the amount of chemosorbed ion on
the solid phase in the soil and its concentration in soil solution can be described through four
isotherm types, namely: S-type, C-type, H-type and L-type. L-type (Langmuir) model is the
one often used among the described models to describe the adsorption of specific ions in the
soils (Sparks, 1995). This model allows observing whether there is high affinity between
adsorbate (solution ion) and adsorbent (solid phase), which, in its turn, decreases as
adsorption sites are fulfilled (Yan et al., 2017; Sims et al., 2019). Results in these studies can
help predicting the amount of metals that can be transferred to the environment, because if
MAUC is reached faster, the concentration of these metals in the solution can increase and
potentiate their transfer to surface and/or sub-surface water adjacent to vineyards (Ayawei et
al., 2017).

However, the international literature lacks studies simultaneously assessing the
accumulation dynamics and Cu and Zn fractionation, as well as the MAC of these metals in
vineyards at different cultivation ages presenting clayey and sandy soils and located in
acknowledged wine producer regions subjected to subtropical climate, such as Serra Gaiicha
and Campanha Gaucha, Southern Brazil. The aim of the present study was to assess the
accumulation of Cu and Zn fractions in sandy and clayey soil vineyards with different

cultivation histories and subjected to subtropical climate.
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3.2  MATERIALS AND METHOD
3.2.1 Vineyardfeaturing

Commercial vineyards located in the wine producing region of Campanha Gaucha
(Santana do Livramento County) and Serra Gaucha (Bento Gongalves County), Rio Grande
do Sul (RS) State, Southern Brazil, were selected for the study. Both counties are among the
main wine production regions in Latin America. Climate in the region is classified as humid
subtropical — Cfa — (K&ppen)(Alvares et al., 2013). Campanha Gaucha region is at altitude of
100 to 300 m, it presents mean annual rainfall, temperature and relative air humidity of 1.370
mm, 18.4°C and 75%, respectively. Serra Gaucha region is at altitude of 600 to 800 m, it
presents mean annual rainfall, temperature and relative air humidity of 1.700 mm, 17.2°C and
76%, respectively. Campanha Gaucha region mostly presents sandy soil, often classified as
Red Argisol (Embrapa, 2018) or Ultisols (Soil Survey Staff, 2014). Overall, Serra Gaucha
presents clayey soils, such as Litolic Neossol (Embrapa, 2018) or Entisols (Soil Survey Staff,
2014).

Vineyards in each region were selected based on cultivation time: short (<20 years),
intermediate (20-35 years) and long cultivation history (>35 years), besides the native field
site (NF) (Campanha Gaucha) and the native forest site (F) (Serra Gaucha) — adjacent to the
vineyard - were used as natural soil conditions references in each region. Collections in
vineyards younger than 20 years and in the ones at the age of 20-35 years were carried out in
crop rows or between rows.

The three vineyards located in Santana do Livramento County, Rio Grande do Sul
(RS) State grow the cultivar Cabernet Sauvignon (Vitisvinifera), which was grafted on SO4
rootstock (Vitis berlandieri x Vitis riparia), under trolley driving system. Approximately 9 kg
ha™' of Cu sulfate and 8 kg ha” Cu hydroxide are applied in each vineyard on a yearly basis,
and it results in the yearly application of 8.79 kg Cu ha™.

The vineyard with the shortest cultivation history (SV1) was implanted in 2004 in
crop area of 4.73 ha”'. The vineyard with intermediate cultivation history (SV2) was
implanted in 1998 in crop area of 5.30 ha'. The vineyard with long cultivation history (SV3)
was implanted in 1981 in crop area of 6.45 ha™'. The main plant species observed in the native
field (NF) site were Paspalum notatum, Paspalum plicatulum, Desmodium incanum,

Ageratum conyzoides L., Chevreulia acuminata and Cyperusbrevifolius.
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The three vineyards located in Bento Gongalves County, Rio Grande do Sul (RS)
State were directly planted on native fields, growsthe cultivar Isabel (Vitislabrusca L.), which
was planted in free-standing, under trellis system. The main fungicides used in these sites had
Dithianone, Captana and Mancozebe as their main active ingredients. On average, 16
applications of these products were carried out per year; besides, three applications of each
Bordeaux mixture, at rate 1.000 L water ha™', were carried out every year. The vineyard with
the shortest cultivation history (BV1) was implanted in 2000. The vineyard with intermediate
cultivation history (BV2) was implanted in 1990. The vineyard with the longest cultivation

history (BV3) was implanted in 1978.

3.2.2 Soil sample collection and chemical analysis

In total, 60 simple soil samples were collected in each vineyard and reference site
from the 0.00-0.10 and 0.10-0.20 m layers using a cutting shovel and a spatula in order to
compose the composite sample. Collections in vineyards with short cultivation history (<20
years) and intermediate cultivation history (20-35 years) were carried out in crop rows.
Collections were carried out in crop rows and between rows of grapevines in sites with long
grapevine cultivation history (>35 years). In sites with long grapevine cultivation history (>35
years), the soil collections in the rows and between planting lines, allows to verify the place
with higher concentrations of Cu and Zn; and how it affects the maximum adsorption
capacity. However, this depends, in addition to other factors, on how the fungicides have been
applied over the years.

After collection, samples were air dried, cleaned and sieved in 2 mm mesh in order to
get air-dried fine earth (ADFE). The following parameters were determined: Water pH
(soil:solution ratio 1:1), Shoemaker—McLean—Pratt (SMP) Index, exchangeable contents of
Al, Ca and Mg (both extracted by KCI mol L") (Tedesco et al., 1995). Calcium and
Magnesium contents were determined by atomic absorption spectrometry (AAS) (Perkin
Elmer AAnalyst 200, USA). Aluminum was titrated with NaOH 0.0125 mol L. Collected
data were used to calculate the cation exchange capacity at pH 7.0 (CEC pHy,), saturation by
aluminum (Al), saturation by bases and potential acidity (H+Al) (CQFS-RS/SC, 2016). Total
Carbon Content (TOC) was determined through digestion in sulfochromic solution (Walkley-
Black Method) (Embrapa, 1997). TOC contents were multiplied by 1.724 (Van Bemmelen
factor) in order to estimate the soil organic matter (SOM) values. Phosphorus and K available

contents were extracted through Mehlich-1 (Tedesco et al., 1995). Phosphorus was
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determined by spectrophotometer using a colorimetry method (1105, Bel Photonics) and K, in
flame photometer (DM 62, Digimed). Clay, silt and sand contents were quantified through
pipette method with chemical dispersion (Embrapa, 1997). Soil of each vineyard was featured

based on the assessment of the aforementioned results.

3.2.3 Maximum Adsorption Capacities of Cu and Zn in clayey and sandy soils in

vineyards

The Maximum Adsorption Capacities (MAC) of Cu and Zn was determined in soil
samples collected from layers 0.00-0.10 m and 0.10-0.20 m. The adsorption isotherms of Cu
and Zn were carried out based on the methodology suggested by Casagrande et al. (2004).
One aliquot of 0.50 g of soil was weighed into a 15-mL Falcon tube; next, 10 mL of CaCl,
0.001 mol L™ solution, at concentrations of 0.00, 0.50, 1.25, 2.50, 5.00, 10.00, 20.00, 40.00,
80.00, 120.00 and 160.00 mg L! of Cu and Zn, were added. These concentrations
corresponded to 0, 10, 25, 50, 100, 200, 400, 800, 1600, 2400 and 3200 mg of Cu and Zn kg'1
of soil, respectively. This procedure was performed separately for Cu and Zn in triplicate.
Samples were stirred for 16 hours in “end-over-end” orbital shaker at 30 rpm; subsequently,
they were centrifuged at 2000 g for 10 minutes with an average temperature of 16-26°C, the
extracts filtered previously to Cu and Zn determination. Copper and zinc were analyzed in
extract through inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin-
Elmer Optima 7000 DV, EUA). Adsorbed Cu and Zn were found based on the difference
between the added amounts and the assessed amounts in the solution.

Next, the adsorption isotherms were built by plotting the amount of the element
adsorbed in the ordinate and the balance concentration in the abscissa. Data were adjusted

based on the Langmuir model described by Sparks (1995)(Equation 1):

__ kxCmax =Csol

Equation 1
1+k=*Csol q

Where: ¢ is the amount of adsorbed ion; Cmaxrepresents the maximum sorption capacity of
the ion; k is the constant related to the affinity of the adsorbent with the adsorbate; Csolis the
ion concentration in the solution.

3.2.4 Chemical fractionation of Cu and Zn in clayey and sandy soils in vineyards
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The chemical fractionation of Cu and Zn was carried out in soil layers 0.00-0.10 m
and 0.10-0.20 m. Samples were air dried, sieved in 2 mm mesh, macerated in porcelain
crucible and reserved for Cu and Zn chemical fractionation analysis based on the
methodology suggested by Tessier et al. (1979). In order to do so, 1.00 g of soil (in triplicate)
was transferred to 50 mL polypropylene tubes. The following sequential extractions were
performed in this sample: 1) soluble fraction extracted with deionized water (8 mL) (Cus, and
Zns,)); i) exchangeable fraction extracted with MgCl, 1.0 mol L™ at pH 7.0 (8 mL) (Cug and
Zng); 1ii) fraction bond to the minerals, bound to iron and manganese oxides, extracted with
0.04 mol L™ hydroxylamine hydrochloride (NH,OH.HCI) in 25% acetic acid (v/v) at pH 2.0
(20 mL) (Cumin and Zny,); and iv) fraction of bound to organic matter extracted with 0.02
mol L™ HNO; (3 mL) + 30% H,0, (8 mL) + NH40Ac in 20% HNO; (v/v) (5 mL) (Cuoy and
Znom). The supernatant was separated through centrifugation at 4000 g for 30 minutes; the
aliquot was reserved to determine Cu and Zn concentrations in each fraction. Samples were
stirred with deionized water and centrifuged between each extraction, the supernatant was
discarded. The remaining residues were dried in oven at 65°C for 24 hours at the end of the
sequential extraction; next, 0.50 g of dried soil residue was subjected to digestion in
concentrate HF + HC1O,4 to determine Cu and Zn residual fractions (Cug and Zng). In order to
determine the total concentrations, concentrate HF + HC1O4 was added to 0.50 g of the dried
soil sample (in triplicate) — which was not subjected to sequential Cu and Zn extraction — to
digest the sample (Cur and Znr). All glasses and polypropylene tubes were soaked in 10%
HNOj; solution for 24 hours before the fractionation analysis; subsequently, they were washed

in deionized water three times in the row, before they were used.

3.3  STATISTICAL ANALYSIS

The results of isotherms of adsorption and fractions of Cu and Zn were tested for
normality through the Shapiro-Wilk test (W=0.9927; p=0.39285). Next, the results were
submitted to variance analysis (ANOVA), being the means of each layer in the different sites
of evaluation compared by the Tukey test (a = 5%). Therefore, whenever the effects were
meaningful, the differences among the sites were evaluated through orthogonal contrasts,
comparing the reference place forest (F) or the native field (NF), with the commercial
cultivation sites, that is, vineyards (BV1), (BV2), (BV3) and (BLV3) or vineyards (SV1),
(SV2), (SV3) and (SBLV3), always inside of each layer of sampled soil. The variance
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analysis was performed and the differences among the proposed contrasts were tested at 5%,

1% and 0.1% of error probability with the F test.

34  RESULTS

3.4.1 Copper fraction distribution in clayey and sandy soil in vineyards

The highest Cuppm, Cug and Curcontents in clayey soils in vineyards BV1, BV2, BV3
and BLV3, and in Forest (F) soil in Bento Gongalves were observed in the 0.00-0.10 m layer;
they decreased in the 0.10-0.20 m layer (Table 1). On the other hand, the highest Cupmin
contents in vineyards BV1 and BV2 were observed in layer 0.10-0.20 m. The highest Cug,
Cupmin, Cupm, Cur and Cur contents in vineyards BV3 and BVL3 were found in layer 00.0-
0.10 m; they decreased in layer 0.10-0.20 m. However, the Cug and Cug contents in layer
0.10-0.20 m were higher in vineyards BV3 and BVL3, respectively.

The highest Cu contents were observed in the Cugr fractions in comparison to
fractions Cus,), Cug, Cupmin and Cupy in the two soil layers of F and in vineyard BV1 (Table
1). The highest Cu content in layer 0.00-0.10 m in soil of vineyard BV2 was recorded for
fraction Cupy, in comparison to fractions Cus,j, Cug, Cumin and Cur. However, the highest Cu
content was observed in fraction Cuyy, in layer 0.10-0.20 m, in comparison to fractions Cusg,,
Cug, Cupym and Cug. The highest Cu contents were observed in fraction Cuyi, in the two soil
layers of vineyard BV3 and in layer 0.00-0.10 m of vineyard BVL3 in comparison to fractions
Cus,l, Cug, Cupym and Cug. The highest Cu content was observed in the fraction Cug in layer
0.10-0.20 m of vineyard BVLE in comparison to fractions Cug,;, Cug, Cupmin and Cupwm.

The highest mean contents of Cu fractions were observed in the soil layers of all
vineyards in comparison to what was observed in soil layers of F (Table 1). The highest Cu
content was observed in fraction Cug in layer 0.00-0.10 m of F soil (Figure 1). The content of
Cumin Was higher in the soils of vineyards BV3 and BVL3 than that of fractions Cus,, Cug,

CuOM and CU.R.
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Table 1.Fractions of copper and zinc in layers of forest (F), vineyard 1 (BV1), vineyard 2
(BV2), vineyard 3 (BV3) and between vineyard 3 line (BLV3) soils, at 0.00-0.10 and 0.10-

0.20 m layers, Bento Gongalves (RS).

Cu fractions (mg.kg")

Layers (m) Cug, Cug Cupin Cuom Cug Cur CV(%)
F
0.00-0.10 0.32 Ad' 1.36 Ad 2.50 Ad 3.37 Ac 63.81 Ab 71.37 Aa 2.78
0.10-0.20 0.23 Ab 1.29 Ab 1.80 Ab 2.80 Bb 61.84 Bb 67.96 Aa 3.91
CV (%) 4.13 8.83 4.16 23.43 3.63 2.78
BV1
0.00-0.10 0.53 Ae 1.56 Ae 5.74 Bd 69.63 Ac 102.72 Ab 180.18 Aa  1.07
0.10-0.20 0.99 Ad 1.70 Ad 38.39 Ac 45.30 Bc 89.00 Ab 17538 Aa  6.17
CV (%) 3.79 7.85 2.21 3.13 7.83 3.06
BV2
0.00-0.10 0.97 Ae 2.16 Ae 43.48 Bd 272.4 Ab 143.67 Ac 462.68 Aa  6.72
0.10-0.20 2.25 Ae 2.44 Ae 116.27 Ab  82.16 Bd 69.45 Ac 272.57Ba 145
CV (%) 2.49 8.89 2.79 6.85 17.22 2.00
BV3
0.00-0.10 0.72 Ae 2.62 Be 400.9 Ab 177.78 Ac 83.23 Ad 66526 Aa  4.67
0.10-0.20 1.78 Af 6.71 Ae 363.30 Bb 93.72 Be 79.01 Bd 54452 Ba  0.81
CV (%) 1.31 9.25 1.49 7.89 20.22 3.08
BLV3
0.00-0.10 2.59 Af 6.61 Ae 708.8 Ab 285.76 Ac 77.04 Bd 1080.80 Aa  0.04
0.10-0.20 0.56 Ae 2.98 Be 84.28 Be 26.04 Bd 150.30 Ab 264.18 Ba 3.89
CV (%) 3.84 6.85 0.31 0.25 5.49 0.87
Zn fractions (mg.kg™")
Layers (m) Zng, Zng Znygin Znopm Zng Znt CV (%)
F
0.00-0.10 0.19 Ad 1.48 Ad 50.48 Ac 1.22 Ad 65.70 Bb 119.07 Aa  2.09
0.10-0.20 0.15 Af 1.45 Ad 26.95 Bc 0.94 Aef 78.50 Ab 108.00Ba  0.89
CV (%) 5.77 6.76 2.83 0.90 2.74 0.86
BV1
0.00-0.10 0.27 Ad 1.30 Ad 100.33 Ab 0.22Bd 75.65 Ac 17778 Aa  1.96
0.10-0.20 0.13 Ac 0.95 Bc 70.59 Bb 2.14 Ac 73.08 Ab 146.89 Ba  2.37
CV (%) 2.38 2.83 4.77 6.58 4.05 0.47
BV2
0.00-0.10 0.46 Ad 1.08 Bd 120.33 Ab 3.39 Ad 82.79 Ac 208.05 Aa  5.08
0.10-0.20 0.80 Ad 1.77 Ad 46.46 Bc 0.60 Bd 71.99 Ab 121.61 Ba  2.58
CV (%) 2.47 7.23 7.10 4.96 9.57 1.38
BV3
0.00-0.10 0.27 Ae 7.14 Ad 57.68 Ac 0.65 Ae 111.00 Bb 176.75 Aa  1.70
0.10-0.20 0.72 Ae 429 Bd 33.75 Bc 0.24 Be 112.44 Ab 151.44Ba  1.93
CV (%) 3.02 5.07 7.13 1.07 1.51 1.05
BLV3
0.00-0.10 0.38 Ae 8.68 Ad 80.42 Ac 1.47 Ae 86.46 Bb 177.41 Aa  1.75
0.10-0.20 0.1 Ae 1.98 Bd 15.98 B¢ 0.9 Be 117.03 Ab 136.0 Ba 0.53
CV (%) 2.56 1.86 4.34 21.17 1.99 0.75

F = native forestry; BV1 = vineyard with the shortest cultivation history; BV2 = vineyard with intermediate
cultivation history; BV3 = vineyard with long cultivation history; BLV3 = vineyard with long cultivation history
with soil collected between the planting lines. CV = coeficiente de variagdo. Médias seguidas pelas mesmas
letras minusculas, na coluna, ndo diferem entre si pelo teste Skott-Knott a 5% de significancia. Médias seguidas
pelas mesmas letras maiusculas, na linha, ndo diferem entre si pelo teste Skott-Knott a 5% de significancia.
Means followed by the same capital letter in a column and lower case letter in a row do not differ by Tukey’s

test (p < 0.05). CV = coefficient of variation.
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The highest Curcontents were observed in layer 0.00-0.10 m in the sandy soils of
vineyards SV1, SV2, SV3 and SVL3, and in native field (NF) soil in Santana do Livramento;
they decreased in layer 0.10-0.20 m (Table 2). The highest Cumin, Cuom, Cug and Cur
contents were observed in layer 0.00-0.10 m of all soils in all vineyards; they decreased in
layer 0.10-0.20 m (Table 2).

The highest Cu content was observed in fraction Cug in comparison to fractions
Cus,l, Cug, Cupmin and Cupy in the two soil layers of vineyard SV1 (Table 2). The highest Cu
content in the two layers was observed in fraction Cuy, in comparison to fractions Cugey, Cug,
Cupm and Cug in soils of vineyards SV2 and SV3. For the SBVL3, the highest Cu content was
observed in the Cug fraction (Table 2).

The highest Cu contents in the two layers were found in vineyard soils in comparison
to the NF soil (Table 2). The highest Cu contents were observed in fractions Cuy, and Cupm
in layer 0.00-0.10 m in all vineyards (Figure 2) - Cumin content in these soils was higher than

that of fractions Cug,j, Cug, Cuom and Cug.
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Table 2. Fractions of copper and zinc in layers of native field (NF), vineyard 1 (SV1),
vineyard 2 (SV2), vineyard 3 (SV3) and between vineyard 3 line (SBLV3) soils, at 0.00-0.10
and 0.10-0.20 m layers, Santana do Livramento (RS).

Cu fractions (mg.kg")

Layers (m) Cugy Cug Cupsin Cuom Cugp Cur CV(%)
NF
0.00-0.10 0.10 Ab' 0.31 Ab 0.28 Ab 0.26 Ab 0.41 Ab 1.36Aa 5.63
0.10-0.20 0.03 Ab 0.07 Ab 0.18 Ab 0.06 Ab 0.32 Ab 0.67Ba 2.87
CV (%) 0.27 4.74 0.18 8.67 0.28 3.13
SV1
0.00-0.10 0.31 Ae 1.76 Ae 18.36Ac 13.68Ad 2.17 Ab 36.29Aa 1.91
0.10-0.20 0.12 Ad 1.37 Ad 1.2Ac 0.98 Ad 1.99 Bb 5.66Ba 12,22
CV (%) 17.20 5.87 0.17 0.3 7.47 3.74
SV2
0.00-0.10 0.90 Ae 2.61 Ae 62.67 Ab 11.89Ad 19.60 Ac  97.68 Aa 2.15
0.10-0.20 0.13 Ae 0.18 Ae 13.74Bb 1.40Bd 4.16Bc 19.61Ba 0.75
CV (%) 0.98 7.72 0.69 15.57 5.04 0.97
SV3
0.00-0.10 0.95 Ae 1.30 Ae 129.24 Ab 26.12 Aad 44 50Ac  202.11 Aa  0.23
0.10-0.20 0.89 Ae 2.72 Ae 13.3 Be 1.28 Bd 39.90Bb 58.09 Ba 0.93
CV (%) 3.65 8.71 1.09 0.89 0.4 0.36
SBLV3
0.00-0.10 0.84 Ae 3.50A¢ 64.64Ab 18.91 Ad 25.02Ac 11294 Aa  0.29
0.10-020 0.78 Ad 1.38 Ad 7.04Bc 0.22Bd 13.82Bb 23.24 Ba 8.72
CV (%) 9.21 2.80 2.73 0.71 5.53 0.38
Zn fractions (mg.kg™")
Layers (m) Zng, Zng ZNyin Znom Zng Znt CV(%)
NF
0.00-0.10 0.45 Ae 0.48 Ac 8.64Ab 1.2Ac 0.47Bd 11.24Aa 0.76
0.10-0.20 0.24 Ad 0.37 Ac 7.4Bb 0.64Bc 0.45 Ac 9.10Aa 0.27
CV (%) 0.65 0.4 0.91 0.87 0.24 0.56
SV1
0.00-0.10 1.16 Af 3.25 Ad 32.58 Ab 0.93 Ae 12.13Ac 50.05 Aa 3.01
0.10-0.20 0.65 Ac 1.16Bc 6.33Bb 0.70Bc¢ 6.84Bb 15.68 Ba 8.34
CV (%) 0.00 1.17 3.02 2.23 14.98 3.69
SV2
0.00-0.10 1.22 Ae 3.28Ad 28.70 Ab 1.22 Ae 29.27Ac 63.69 Aa 0.58
0.10-0.20 0.86 Ae 1.11Bd 11.98Bb 0.45Be 5.92Bc 20.32Ba  17.70
CV (%) 0.63 9.34 0.88 0.53 1.15 0.89
SV3
0.00-0.10 1.38Af 4.10 Ad 50.68 Ab 0.76 Ae 12.13Ac 69.62Aa 0.17
0.10-0.20 0.73 Ad 0.76 Bd 5.9 Bc 0.18 Bd 6.84Bb 14.41 Ba 7.67
CV (%) 0.87 1.17 3.02 2.23 14.98 3.69
SBLV3
0.00-0.10 2.67 Ae 3.17Ad 22.36 Ab 0.22 Ae 10.73Ac 39.15 Aa 1.31
0.10-0.20 0.12 Ad 0.18 Bd 3.75Bc 0.01 Bd 5.46Bb 9.52 Ba 5.71
CV (%) 0.23 17.31 0.4 0.06 7.64 1.01

NF = native field; SV1 = vineyard with the shortest cultivation history; SV2 = vineyard with intermediate
cultivation history; SV3 = vineyard with long cultivation history; SBLV3 = vineyard with long cultivation
history with soil collected between the planting lines. CV = coeficiente de variacdo. Médias seguidas pelas
mesmas letras minusculas, na coluna, ndo diferem entre si pelo teste Skott-Knott a 5% de significancia. Médias
seguidas pelas mesmas letras maitsculas, na linha, ndo diferem entre si pelo teste Skott-Knott a 5% de
significancia. Means followed by the same capital letter in a column and lower case letter in a row do not differ
by Tukey’s test (p < 0.05). CV = coefficient of variation.
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3.4.2 Zn fraction distribution in clayey and sandy soil in vineyards

The highest Zng, Znyin, Znom and Znt contents were observed in layer 0.00-0.10 m
in the clayey soils of vineyards BV1, BV2, BV3 and BLV3, and in Forest (F) soil in Bento
Gongalves; they decreased in layer 0.10-0.20 m in F soil (Table 1). Fraction Zng was the
exception for F, B3 and BLV3; its highest Zn content was observed in layer 0.10-0.20 m. The
highest Zng, Znyi,, Zng and Znr contents were found in layer 0.00-0.10 m in the soil of
vineyard BV1; they decreased in layer 0.10-0.20 m. The highest Zn contents in this soil BV1
were observed in layer 0.10-0.20 m in fraction Zny, and Zng. The highest Znyi,, Znom and
Znt contents in the soil of vineyard BV2 were observed in layer 0.00-0.10 m; they decreased
in layer 0.10-0.20 m. The highest Zn contents in this soil BV2 were observed in fractions Zng
in layer 0.10-0.20 m. The highest Zng, Znyi,, Znom and Znr contents in soils of vineyards
BV3 and BVL3 were found in layer 0.00-0.10 m; they decreased in layer 0.10-0.20 m. The
highest Zn contents in these soils BV3 and BLV3 were observed in layer 0.10-0.20 m, in
fraction Znp.

The highest Zn contents were observed in fraction Zng in comparison to fractions
Znsol, Zng, Znyin and Zngy, in the two soil layers of F and of vineyards BV3 and BVL3 (Table
1). On the other hand, the highest Zn content was found in fraction Zny;, in layer 0.00-0.10 m
in the soils of vineyards BV1 and BV2, in comparison to fraction Zns,, Zng, Znoy and Zng.
The highest mean contents of all Zn fractions were observed in the two soil layers of all
vineyards in comparison to the F soil (Table 1). The highest Zn content was observed in
fractions Zng in layer 0.00-0.10 m of the F site and of vineyards BV1 and BV2 (Figure 1).
The Zng content was higher in soils of vineyards BV3 and BVL3 than those recorded for

fractions Zns,, Zng, Znyin, and Znow.
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Figure 1. Average percentage distribution of Cu and Zn fractions in forest soils layers (F),
vineyard 1 (BV1), vineyard 2 (BV2), vineyard 3 (BV3) and between vineyard 3 lines (BLV3).
Bento Gongalves (RS).
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The highest Zng, Znyin, Znom and Znt contents were observed in layer 0.00-0.10 m

in the sandy soils of vineyards SV1, SV2, SV3 and SBVL3, and in the native field soil (NF)

in Santana do Livramento; they decreased in layer 0.10-0.20 m (Table 2). The highest Zn

contents in the two NF soil layers and in vineyard soils were observed in fraction Znyi, in

comparison to fractions Znse, Zng, Znoym and Zng. The highest mean contents of all Zn
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fractions were found in the two layers of vineyard soils in comparison to the NF soil. Soil in
layer 0.00-0.10 m presented the highest Zn rate in fraction Zny;, in the NF soil and in all

vineyards (Figure 2).

Figure 2. Average percentage distribution of Cu and Zn fractions in the soils layers of the
native field (NF), vineyard 1 (SV1), vineyard 2 (SV2), vineyard 3 (SV3) and between
vineyard 3 lines (SBLV3). Santana do Livramento (RS).
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3.4.3 Accumulation of Cu and Zn fractions in clayey and sandy soils in vineyards

The orthogonal contrast analysis has shown that clayey (BV) and sandy soils (SV)
did not evidence differences in the mean contents of all Cu and Zn fractions in the two layers
in the vineyards in comparison to the F and NF soils (Table 3 and 4). However, clayey soils
(BV) have shown differences in the mean contents of all Cu and Zn fractions, only in the most
superficial layer (0.00-0.10 m), in crop rows in vineyards, in comparison to that recorded
between rows (Table 3). Besides, there were differences in the mean contents of all Cu and Zn
fractions in the two layers between crop rows in vineyards in clayey (BV) and sandy (SV)

soils in comparison to the F and NF soils (Tables 3 and 4).

Table 3. Orthogonal contrasts between Cu and Zn fractions of an of the forest (F), vineyards
(BV) and between line vineyards 3 (BVL3) soils, at 0.00-0.10 and 0.10-0.20 m layers, Bento
Gongalves (RS).

Cu fractions

Contrasts Cug, Cug Cupmin Cuom Cugp Cur
0.00-0.10 m
Fvs BV ns ns ns ns ns ns
BVL3 Vs BV skkosk kkk kkk kkk kkk kkk
BVL3 VSF skkosk kkk kkk kkk kkk kkk
0.10-0.20 m
Fvs BV ns ns ns ns ns ns
BVL3 vs BV ns ns ns ns ns ns
BVL3 VSF skeksk skkek skkek skkek skkek skkek
Zn fractions
Contrasts Zng, Zng Z0in Znom Zng Znt
0.00-0.10 m
Fvs BV ns ns ns ns ns ns
BVL3 Vs BV skkosk kkk skkosk kkk skkk skkosk
BVL3 Vs F skkosk kkk skkosk kkk skkk skkosk
0.10-0.20 m
Fvs BV ns ns ns ns ns ns
BVL3 vs BV ns ns ns ns ns ns
BVL3 VS F kkk skkosk skkosk skkk kkk skkosk

The variance analysis was performed and the differences among the proposed contrasts were tested at 5%, 1%
and 0.1% of error probability with the F test. *significant at 5%; **significant at 1%; ***significant at 0.1%; ns
= no significant.
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Table 4. Orthogonal contrasts between Cu and Zn fractions of an of the native field (NF),
vineyards (SV) and Between line vineyards (SBVL3) soils, at 0.00-0.10 and 0.10-0.20 m
depth, Santana do Livramento (RS).

Cu fractions

Contrasts Cu501 CU.E CuMin CuOM CuR CU.T
0.00-0.10 m
NF vs SV ns ns ns ns ns ns
SBVL3 vs SV ns ns ns ns ns ns
SBVL3 Vs NF kkk kkk skkok skkosk skkosk skkosk
0.10-0.20 m
NF vs SV ns ns ns ns ns ns
SBVL3 vs SV ns ns ns ns ns ns
SBVL3 Vs NF skkk skkosk skkosk skkosk kkk skkosk
Zn fractions
Contrasts Zngy Zng ZNyin Znom Zng Znt
0.00-0.10 m
NF vs SV ns ns ns ns ns ns
SBVL3 vs SV ns ns ns ns ns ns
SBVL3 Vs NF skesksk Kok Kok Kok skesksk skesksk
0.10-0.20 m
NF vs SV ns ns ns ns ns ns
SBVL3 vs SV ns ns ns ns ns ns
SBVL3 vs NF * * * * * *

The variance analysis was performed and the differences among the proposed contrasts were tested at 5%, 1%
and 0.1% of error probability with the F test. *significantat 5%; **significantat 1%; ***significantat 0.1%; ns =
no significant.

3.4.4 Adsorption isotherms of Cu and Zn in clayey and sandy soils in vineyards

The highest maximum adsorption capacities (MAC) of Cu (MAC-Cu) and Zn

(MAC-Zn) were observed in younger vineyards (BV1), with the values of 3,560 mg Cu kg™
and 4,619 mg Zn kg in clayey soils in Bento Gongalves, consequently, they recorded the
shortest cultivation time and the lowest fungicide application rates (Figures 3 and 4).
The highest maximum adsorption capacities (MAC) of Cu (MAC-Cu) were observed in
vineyard with long cultivation history (SV3), with the value of 1,873 mg Cu kg and the
highest maximum adsorption capacities (MAC) of Zn (MAC-Zn) were observedin SBLV3
1,044 mg Zn kg in sandy soil in Santana do Livramento.

The lowest MAC-Cu and MAC-Zn values were observed in the oldest vineyards
(BV3), with the values of 2,287 mg Cu kg™ and in 2,364 mg Zn kg™ in clayey soils in Bento
Gongalves, which recorded the longest history of fungicide (Cu and Zn-based) application
(Figures 3 and 4).

The lowest MAC-Cu and MAC-Zn values were observed in the native field (NF),
with the values of 828 mg Cu kg and in 815 mg Zn kg in sandy soils in Santana do
Livramento, which has not recorded the history of fungicide (Cu and Zn-based) application

(Figures 3 and 4). The highest MAC-Cu and MAC-Zn values were found in the most
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superficial layer (0.00-0.10 m) in clayey and sandy soils of all vineyards (Figures 3 and 4),

compared to the other vineyard areas ( Figures 3 and 4).
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Figure 3. Cu/Zn adsorption isotherms in forest soils (a), vineyard 1 (b), vineyard 2 (c),
vineyard 3 (d) and between vineyard 3 lines (e), in layers 0.00-0.10 and 0.10-0.20 m, Bento
Gongalves (RS). The curves shown represent the adjustment by the Langmuir model. MAC-
Cu/Zn = maximum Cu/Zn adsorption capacity.
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Figure 4. Cu/Zn adsorption isotherms in native field soils (a), vineyard 1 (b), vineyard 2 (c),
vineyard 3 (d) and between vineyard 3 (e) lines, at layers 0.00-0.10 and 0.10-0.20 m. Santana
do Livramento (RS). The curves shown represent the adjustment by the Langmuir model.
MAC-Cu/Zn = maximum Cu/Zn adsorptioncapacity.
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3.5 DISCUSSION
3.5.1 Accumulation of Cu and Zn fractions in clayey and sandy soils in vineyards

Vineyard soils can have high total Cu and Zn content. In the soils of vineyards in
Bento Gongalves the total Cu contents ranged from 180.18 to 1080.80 mg kg'. In the
vineyard soils in Santana do Livramento, the total Cu levels ranged from 36.29 to 202.11 mg
kg'. The total levels of Zn in the soils of vineyards in Bento Gongalves ranged from 177.78
to 208.05 mg kg and in the soils of vineyards in Santana do Livramento the levels were from
50.05 to 69.62 mg kg'. In vineyard soils in France, total Cu contents of 398 mg kg have
been reported (Chaignon and Hinsinger, 2003). In Italy, studies carried out in vineyards report
total Cu contents of 372 mg kg™ (Dell'Amico et al., 2008), 583 mg kg™ in vineyards in Spain
(Fernandez-Calvifio et al., 2008) and 249 mg kg-1 of total Cu in vineyard soils in Australia
(PietrzakandMcPhail 2004). In southern Brazil, Korchain et al. (2020) and collaborators
observed total levels of Cu and Zn of 1.938 and 172 mg kg™, respectively. Other studies in the
same region report total Cu de levels 660 mg kg™ (Casali et al., 2008), he increase in the total
Cu and Zn levels in vineyards in the world are variable, but they happen, usually, because of
the continued use of fungicides that have in the composition Cu and Zn for the control of
fungal diseases in vineyards (Brunetto et al 2017).

The highest accumulation of Cu and Zn in all fractions in clayey and sandy soils of
the oldest vineyards can be attributed to the larger number of leaf fungicide (with Cu- and Zn-
based fungicides) applications (Girotto et al., 2017; Tiecher et al., 2018). The oldest vineyards
cultivated in clayey (BV3) and sandy (SV3) soils recorded more than 35 years of fungicide
application history. Approximately 20 applications of fungicide were recorded per year in
each vineyard. Part of Cu and Zn in the soil of these vineyards may have derived from
fertilizers addition, mainly from the organic fertilizers that often have significant
concentrations of heavy metals, such as Cu and Zn (Yamamoto et al., 2018). Fertilizers are
often applied in the soil of all vineyards that do not have nutrient enough to fulfil grapevines’
demands, mainly for N, P and K (Brunetto et al., 2018).

The highest accumulation of Cu and Zn fractions in the 0.00-0.10 m layer, in clayey
and sandy soils cultivated with grapevines resulted from the unidirectional ability of leaf Cu-
Zn-based fungicide application, since part of these two heavy metals can be deposited on
grapevines shoot, whereas the remaining part of them can have direct impact on the soil

(Brunetto et al., 2014). Because these fungicides have contact action, part of Cu and Zn


https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0048969719330591%252525252523bb0160
https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0304423819306491%2523bib0055
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deposited on grapevines shoot can be washed by rain water and reach the soil (Brunetto et al.,
2016). In addition, vineyard leaves and branches (pruned and/or senescent) deposition can
contribute to increase Cu and Zn content in vineyards soils, since they have these two heavy
metals in their tissue (Qi et al., 2014; Tiecher et al., 2018).

Furthermore, clayey and sandy soils in the selected vineyards were not tillaged to
avoid mechanical damage to grapevines’ root system; it prevented the incidence of root fungal
diseases, such as Phylloxera (Daktulosphairavitifoliae), which is quite common in vineyards
located in subtropical climate regions where rainfall is frequent and temperatures are high
(Campillo-Cora et al., 2019). Moreover, soil tillage is avoided in order to reduce organic
matter oxidation and erosion, mainly in vineyards located in wavy relief sites (Shi et al.,
2018). Soil cover plant species, be them native or annually sown, grow in grapevine sites, and
it favors the absorption and accumulation of nutrients, including Cu and Zn, in these plants’
shoot. Cover plant waste was deposited on the soil and left to decompose on its surface; it also
boosted Cu and Zn content increase in surface layers (Cutillas-Barreiro et al., 2017). These
residues may have diminished the flow of surface rain water, and it may also have stimulated
the maintenance of Cu and Zn contents in the most superficial layers (Brunetto et al., 2016;

Zhao et al., 2019).

3.5.2 Distribution of Cu and Zn fractions in clayey and sandy soils in vineyards

The highest Cu contents in the clayey soils of vineyards observed in fraction Cuom
can be explained by the highest organic matter content in it, in comparison to the sandy soils
in vineyards. Soils presenting the highest organic matter contents also account for the largest
number of functional groups, such as carboxylic and phenolic OH of humid substances — they
potentiate Cu complexation, as observed in figures 1 and 2 of the present study (He et al.,
2017; Zhou et al., 2018). On the other hand, the highest Cu contents observed in fraction
Cuwin, 1n all layers of sandy soils in vineyards. This fraction is reported as the most important
in Cu sorption in soils of an acidic nature and with not very high OM content (Yu et al., 2004;
Casalli et al., 2008), can be attributed to the saturation of organic matter functional groups
that have presented lower Cu content in clayey soils. Whenever it happens, the remaining Cu
can be adsorbed by functional groups of inorganic particles, mainly of clay and minerals 2:1
and 1:1, such as OH group of kaolinite and Fe, Al and Mn oxides, oxyhydroxides and
hydroxides and by amorphous silicates that often take place in sandy soils (Romero-Freire et

al., 2017; Telkapalliwar et al., 2018).


https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0048969718343602%2523bb0195
https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0304423819306491%2523bib0325
https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0048969719312999%252525252523bb0045
https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0048969718343602%252525252523bb0215
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The highest Cu accumulation, mainly of Cugy, in the most superficial layer of clayey
and sandy soils in vineyards resulted from the fact that Cu has electronic configuration
[Ar]3d'%s'. Such configuration makes this element highly reactive with decomposing organic
matter functional groups, as well as with organic matter in soil with S and N, and with
carboxylic and phenolic functional groups (Couto et al., 2016; Refaey et al., 2017; Zhang et
al., 2017). This process diminishes desorption and, consequently, the mobility of this element
in the soil.

Copper migration from the surface layer (0.00-0.10 m) to the layer (0.10-0.20 m) was
mainly observed through the highest Cu content in Cuy, fraction bothin clayey and sandy
soils in the vineyards. It may have happened due to the saturation of organic matter functional
groups found in the surface layer and in inorganic particles (Huang et al., 2016; Wen et
al., 2018; Feizi et al., 2018), especially in the clayey soil. For the sandy soil, Cu migration
was facilitated due its sandy silty texture, low OM contents and the presence of 1:1 clay
mineral (Kaolinite) (Brunetto et al., 2018). Furthermore, migration is boosted by reduced pH
values in deeper soil layers (Read at al., 2016; Brunetto et al., 2018), since it favors Cu
adsorption due to decreased negative charge in the soil, which, in its turn, increases Cu
bioavailability (Borah et al., 2020). On the other hand, Cu adsorption along with mineral
constituents in the soil, often present high-specificity ligations and higher pH values, due to
electrostatic adsorption, at first. Next, it boosts the formation of hydrolyzed metallic species
that later form the inner-sphere complex (McBride, 1989) due to the higher electronegativity
of Cu in comparison to Zn. Thus, higher pH values determine the prevalence of negative loads
of soil solid-phase constituents and the adsorption of cations, which favors Cu increase (Fan
et al., 2016). Changes in pH can affect the chemical features of mineral constituents in soil
solid phase, whose charges are pH-dependent. Thus, lower pH values impair Cu adsorption
(Borah et al., 2020).

The highest Zn contents in fractions Zny, and Zng in all layers of clayey and sandy
soils in vineyards can be attributed to the high affinity and reactivity between Zn and mineral
constituents solid phase of the soil (Tiecher et al., 2016; Brunetto et al., 2018; Liu et al., 2019;
Hammerschmitt et al., 2020). These fractions are more stable and featured by low Cu
availability and mobility in the soil (Formentini et al., 2015). In the presence of high Cu
content, Zn remains mainly adsorbed on the functional groups of the mineral fraction as iron
oxides and at the edges of phyllosilicate clay minerals (Pérez-Novo et al., 2011). Such a
feature can minimize the environmental contamination potential of Zn in the soil, but also

reduce its toxicity in plants, for example, in grapevines or even in implanted soil cover species
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or in species coexisting in vineyards (Tiecheret al., 2016; Brunetto et al., 2018; Beygi and
Jalali, 2019). However, Zn has migrated to the deepest layer (0.10-0.20 m) and it mainly
increased in fraction Znyi, This process may have happened due to Zn migration in soil
profile through water flow, mainly through macro-pores, since part of Zn tends to remain in
soil solution in its free form (Zn*?) or in soluble ionic pairs in the form of labile complexes
(Zhou et al., 2020). Besides, both Zn and Cu can be bound to molecular weight organic acids,
such as malate, citrate and oxalate, and increase its mobility in soil profile (Zhao et al., 2015)
— a fact that can change the balance between metals in the labile form in the solid phase and in
soil solution (Liu et al., 2016). In addition, Zn mobility may have been facilitated by soil pH
decrease in the deepest layer (0.10-0.20 m), which may have contributed to the formation of
less stable complexes between Zn and the functional groups of organic fractions and soil
minerals (Meng et al., 2018), pH is one of the main factors reacting to Zn bioavailability in
the soil because a slight change in its value can trigger great changes in the distributions of Zn
fractions in the soil (Lahori et al., 2017; Khoshgoftarmanesh et al., 2018).

The total content of bioavailable Zn fractions (Zns, and Zng) decreased in the soils in
the two oldest vineyards. Gusiatin and Kulikowska (2016) also observed decreased Zn
mobility in soils due to cultivation time; however, it did not affect the Cug content. Never the
less, rise in the Zng fraction, which is a bioavailable fraction, in the deepest soil layer in the
vineyards (0.10-0.20 m) increased the potential contamination of subsurface water (Adimalla,
2019). However, increase in the Zng fraction in the surface layer, where grapevine roots and
soil cover plant species are located in crop rows and between rows, can potentiate the toxicity
in plants (Tiecher et al., 2016). Different from Cu, the sum of bioavailable Zn fractions (Zng,
and Zng) was higher in all soils, and it can point towards higher Zn solubility than Cu

solubility (Josko et al., 2019).

3.5.3 Maximum adsorption capacities of Cu and Zn

The highest MAC values recorded for Cu and Zn in clayey soils in vineyards in
Bento Gongalves (RS), in comparison to values recorded for these variables in sandy soils in
vineyards in Santana do Livramento (RS), can be explained by the highest organic matter and
clay contents in these soils, mainly in the surface layer (0.00-0.10 m). This outcome can be
attributed to the great affinity of metallic ions, among them Cu and Zn, with the functional
groups ofmineral constituents in the solid phase, including the ones found in organic matter,

such as carboxyl, hydroxyl, aldehyde, ketone, ester, amino, nitro and thiol (Shi et al., 2018;
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Kwiatkowska-Malina, 2018; Ondrasek et al., 2019). Thus, the increased MAC of these
metallic ions is expected to lead to lower Cu and Zn availability (Ortiz-Soto et al., 2019).
Such a decreased availability can reduce the toxicity of these elements in plants (Schellekens
et al., 2017; Ondrasek et al., 2018), as well as reduce Cu and Zn transference potential
through soil solution in their most labile forms and through surface flow and soil profile
percolation, which, in its turn, has reduced the likelihood of contamination of surface water
adjacent to vineyards or even of subsurface groundwater located closer to soil surface (Luque-
Espinar et al., 2018; Liang et al., 2019).

It is important highlighting that clayey soils of vineyards in Bento Gongalves County
(RS) showed that Cu only presented MAC higher than that of Zn in F, assumingly due to the
greater availability of sorption sites found in functional groups of soil organic and inorganic
particles (Petrovi¢ et al., 2017; Zhang et al., 2017; Noulas et al., 2018). However, MAC-Zn
was higher in the other sites BV1, BV2, BV3 and BLV3, and it can be explained by the
saturation of the SOM adsorption site by Cu (Tiecher et al., 2016).

Copper and Zinc MAC values in clayey soils in Bento Gongalves County (RS) and in
sandy soils in Santana do Livramento County (RS) observed in the vineyards (Figures 1 and
2) have pointed out that the adsorption reactions to Cu and Zn presented in the Langmuir
model have taken into account at least two different phases. The lowest amount of Cu and Zn
added in the first phase are almost fully absorbed to the soil, only low Cu and Zn remain in
the solution (Brunetto et al., 2014; Tiecher et al., 2017). On the other hand, the amount of Cu
and Zn exceeds the amount of sorption sites available in the second phase due to the almost
full saturation of the adsorption of soil reactive particles; thus, more Cu and Zn remain in the
solution (Gatiboni et al., 2008; Tiecher et al., 2018). Besides, it was observed that all
adsorption isotherms presented non-linear adjustment — varying sorption degrees between
soils. However, there was higher Zn concentration in soil solution in comparison to Cu, either
in clayey soils in vineyards in Bento Gongalves or in sandy soils in Santana do Livramento.
This finding can suggest that Cu strongly interacts with soil reactive surfaces in comparison to
Zn (Argyraki et al., 2017). It is worth highlighting that the lowest MAC-Cu/Zn values were
observed in the deepest layer (0.10-0.20 m) in all assessed sites (Tables 3 and 4). This
outcome can be attributed to the lower contents of organic matter and to the low pH values in
soils in this layer, since it boosts the fast saturation by Cu and Zn in adsorption sites, mainly
in those that derive from soil inorganic reactive particles such as clay minerals, and Fe and Al

oxides (Groenenberg & Lofts, 2014; Peng et al., 2018).
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Soil between crop rows in vineyards BLV3 and SBLV3 presented the highest MAC-
Cu and MAC-Zn values, mainly because these locations showed the lowest contents of Cu
and Zn fractions in the two assessed layers when they were compared to soil layers in crop
rows in the oldest vineyards (BV3 and SV3). Thus, more Cu and Zn adsorption reactive sites

were eager for adsorption, and it justified the higher MAC values (Tiecher et al., 2018).

3.6 CONCLUSION

The highest accumulations of Cu and Zn fractions have happened in the most
superficial soil layers in the oldest vineyards, which were installed in clayey and sandy soils.
These vineyards have longer cultivation history and history of application of inputs that have
the two assessed heavy metals in their composition.

Most Cu was distributed in the organic fractions (Cuoym) — which is less stable — in
the most surface layer of clayey soils in vineyards. However, most Cu in the deepest layer
was distributed in the mineral fraction (Cuyi,) — which is more stable -; it has reduced the
toxicity potential and water contamination. With respect to Zn, it highest contents were
observed in the residual fraction (Zng) — which is the most recalcitrant and stable form — in
the soil of the two assessed layers. On the other hand, most Cu and Zn in the two layers of
sandy soils in the vineyards was distributed in the mineral fraction (Cupmi, and Znyin), which is
more stable.

The highest maximum adsorption capacities of Cu and Zn (MAC-Cu and MAC-Zn)
are observed in the surface layer of clayey and sandy soils of vineyards. Clayey soils
presented higher MAC-Cu and MAC-Zn that sandy soils, mainly because of the higher
organic matter content in them. MAC-Cu and MAC-Zn have decreased due to vineyard age;

the highest values were observed between crop rows in the vineyards.
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APENDICE A .Main physical and chemical characteristics of the forest (F), vineyard 1 (BV1), vineyard 2 (BV2), vineyard 3 (BV3) and between
line vineyard 3 soils (BLV3), at 0.00-0.10 and 0.10-0.20 m layers, Bento Gongalves (RS).

F BVI BV2 BV3 BLV3
Layers (m)

Characteristics 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20
Clay (g kgH™ 261 261 182 182 342 342 301 301 301 301
Organic matter (g kg")" 62.27 24.72 51.64 28.49 73.19 23.83 23.69 15.98 34.78 11.94
pH in water'® 6.32 6.2 6.94 6.76 7.00 6.87 6.29 6.03 6.16 6.30
SMP index® 6.75 6.77 7.24 6.83 7.15 6.86 6.82 6.87 6.63 6.96
Cu (mg dm™)? 0.13 0.33 2.06 3.035 5.19 6.06 19.79 17.94 41.45 4.54
Zn (mg dm™)® 25.75 9.41 45.67 30.91 56.42 16.13 40.30 14.96 57.15 6.80
P (mg dm™)@ 12.45 4.4 232.46 79.2 212.11 13.19 20.49 14.17 33.4 14.04
K (mg dm>)® 215.33 48 339.5 264.83 233.16 180.33 157 93.5 196.66 125.16
Ca (cmol, dm™)@ 3.74 2.62 2.99 2.32 4.87 3 1.61 1.32 1.61 1.32
Mg (cmol, dm™)@ 0.99 0.36 1.02 1.15 1.42 1.40 1.09 1.08 1.09 1.08
Al (cmol, dm™)? 0 0 0 0 0 0 0 0 0 0
H+Al (cmol, dm™)? 1.84 1,81 1.06 1,69 1.19 1.61 1.69 1.6 2.13 1.45
Effective CEC(cmol, dm™)  5.28 3.11 4.88 4.16 6.88 4.87 3.11 2.65 0.50 0.32
CEC pHy, (cmol, dm™) 7.12 4.93 5.95 5.84 8.07 6.48 4.80 4.25 2.64 1.77
Aluminum saturation (%) 0 0 0 0 0 0 0 0 0 0
Base saturation (%) 74.08 62.74 82.11 70.7 85.15 74.98 63.68 6231 19.02 18.03

Wparticle size distribution determined by the Pipette method and OM: organic matter, oxidized by a sulfochromic solution according to methods described in Embrapa,
(1997).”’Chemical characterization according to methods described in Tedesco et al. (1995); pH in 1:1 ratio; H+Al evaluated by potentiometry after the addition of SMP
solution; P, K, Cu and Zn extracted by Mehlich-1; Exchangeable Ca, Mg and Al extracted by 1.0 mol L'KCL
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APENDICE B.Main physical and chemical characteristics of the native filed (NF), vineyard 1 (SV1), vineyard 2 (SV2), vineyard 3 (SV3) and
between line vineyard 3 (SBLV3) soils, at 0.00-0.10and 0.10-0.20 m layers, Santana do Livramento(RS).

NF SV1 SV2 SV3 SBLV3
Layers (m)

Characteristics 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20 0.00-0.10 0.10-0.20
Clay (g kgH™ 74 74 80 80 74 74 54 54 54 54
Organic matter (g kg)" 25.55 16.71 30.74 16.64 22.83 14.41 20.53 14.18 26.89 12.97
pH in water® 5.56 4.93 6.2 5.55 6.33 5.71 6.55 5.4 5.92 6.05
SMP index"? 6.71 6.37 6.86 6.47 6.85 6.85 7.04 6.48 6.74 6.87
Cu (mg dm™)? 0.13 0.11 1.94 0.27 5.41 1.01 6.55 0.95 4.68 0.76
Zn (mg dm™)® 1.77 1.37 30.3 2.63 20.36 4.00 33.63 2.79 11.75 1.31
P (mg dm™)® 6.68 433 66.47 44.49 89.51 52.96 68.8 35.32 52.10 13.72
K (mg dm>)® 36.08 24.5 47.83 40.5 45.25 22.66 40.83 38.25 55.75 20.08
Ca (cmol, dm™)@ 0.61 0.25 3.15 1.25 1.91 1.00 2.50 0.95 2.63 1.42
Mg (cmol, dm™)@ 1.05 0.4 4.6 1.83 1.49 0.98 4.06 1.18 4.64 2.10
Al (cmol, dm™)? 0 0.65 0 0 0 0 0 0.3 0 0
H+Al (cmol, dm™)? 1.94 2.87 1.66 2.63 1.69 1.76 1.33 2.71 1.88 1.62
Effective CEC(cmol, dm™)  1.87 1.37 7.9 3.42 3.55 2.11 6.73 2.52 7.49 3.64
CEC pHy, (cmol, dm™) 3.69 3.6 9.54 5.82 5.21 3.81 8.00 4.93 9.31 5.2
Aluminum saturation (%) 0 46.9 0 0 0 0 0 12.70 0 0
Base saturation (%) 47.09 20.1 78.23 55.46 67.95 54.87 80.46 46.53 74.21 68.86

(Pparticle size distribution determined by the Pipette method and OM: organic matter, oxidized by a sulfochromic solution according to methods described in Embrapa,
(1997).’Chemical characterization according to methods described in Tedesco et al. (1995); pH in 1:1 ratio; H+Al evaluated by potentiometry after the addition of SMP
solution; P, K, Cu and Zn extracted by Mehlich-1; Exchangeable Ca, Mg and Al extracted by 1.0 mol L'KCL
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4 ARTIGO 2

Copper and zinc transfer limits to soil solution of mixtures containing different clay and

organic matter contents
ABSTRACT

The accumulation of heavy metals such as copper (Cu) and zinc (Zn) in soils can cause
contamination of water resources. Establishing Cu and Zn transport limits to soil solution,
which potentiates the contamination of agroecosystems, may be a parameter to regulate
maximum allowable concentrations of these heavy metals in soils. The study aimed to
estimate Cu and Zn contents in soil mixtures with varying clay and soil organic matter (SOM)
contents, from which the two heavy metals are transported to the soil solution and represent
increased potential for environmental contamination. Samples of the Bw horizon of aOxisol
and of the A horizon of a Inceptisol were used to make soil mixtures with clay contents
ranging from 170 to 700 g kg" and SOM ranging from 18 to 95 g kg'. The pH of the
mixtures was adjusted to 6.0. Cu and Zn adsorption curves were obtained to determine the
maximum adsorption capacities (MAC) of both heavy metals using the Langmuir model.
Based on the MAC of Cu and Zn, different concentrations of these heavy metals were added
to soil for quantification of the available contents by Mehlich-1, Mehlich-3 and in water. The
Mehlich-1 method showed a higher correlation coefficient in comparison to Mehlich-3 and it
was the method used in this study. Cu transport limits ranged from 118 to 187 mg kg™
(Mehlich-1) the lowest values were found in soil mixtures containing lower clay contents in
combination with higher SOM contents. Zn transport limits ranged from 61 to 116 mg kg™
(Mehlich-1) the highest values were found in soil mixtures containing lower clay contents
combined with higher SOM contents. Cu and Zn transport limits found in this study can be
used as safe limits for supervisory bodies, technical assistance institutions and farmers to
monitor the potential for environmental contamination.

Keywords: Heavy metals. Critical limits environmental contamination. Mehlich-1.
Desorption.
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4.1 INTRODUCTION

The accumulation of heavy metals such as copper (Cu) and zinc (Zn) in agricultural
soils has intensified in recent decades. This is alarming because when in high concentrations
they are potentially hazardous to living beings and the environment, owing to high toxicity,
persistence and biological accumulation (Bigalke et al., 2017; Huang et al., 2018). Thus, these
heavy metals may negatively affect crop yields in cropping systems and ecosystem services as
a result of the contamination of biological components and water resources (Cai et al., 2019).

The presence of Cu and Zn in soils may be caused by the weathering of rocks and
minerals, applications of organic and industrial fertilizers, fungicides, and industrial disposal
(Hou et al., 2014; Wang et al., 2016). The increase in Cu and Zn can occur in soils grown
with annual crops or pastures with a history of application of animal wastes, which generally
have considerable concentrations of these elements heavy metals in their composition
(Benedet et al., 2016; De Conti et al., 2016), or in soils grown with fruit trees with a history of
foliar fungicide application (Girotto et al., 2016; Tiecher et al., 2016; Miotto et al., 2017;
Brunetto et al., 2018; Ferreira et al., 2018; De Conti et al., 2018). Furthermore, mining
activities may cause contamination of adjacent soils as a result of acid drainage or improper
disposal of wastes containing high Cu and Zn concentrations (Cheng et al., 2009; Zhuang et
al., 2009; Sun et al., 2018).

In soil, Cu and Zn are adsorbed by physical-chemical bonds whose lability is
dependent on the binder as well as on the contents of minerals, Fe, Al and Mn(hydr)oxides),
carbonates and soil organic matter (SOM) (Bradl, 2004; Brunetto et al., 2014). They are also
influenced by soil pH (Chaignon et. al., 2003; Rodrigues et al., 2012; Huang et al., 2014;
Jiang et al., 2018), cation exchange capacity (CEC) and SOM composition (Fernandez-
Calvifio et al., 2010). The adsorption of heavy metals in soils commonly occurs primarily at
the most avid binding sites, forming internal sphere complexes with the surface of Fe oxides
and SOM functional groups. The ions are then redistributed into fractions retained with lower
binding energy and, consequently, greater availability and mobility (Brunetto et al., 2016).

Cu and Zn adsorption in soil layers can be measured by maximum adsorption
capacity (MAC) (Huang et al., 2014; Mishra et al., 2017; Tamer et al., 2018), as estimated by
the Langmuir model, which considers at least two distinct phases (Wang et al., 2016; Hu et
al., 2015). In the first phase, the smallest amount of the metal added to soil is almost
completely sorbed to the functional groups of reactive, inorganic and/or organic particles,

leaving little concentration in the solution (Brunetto et al., 2014; Tiecher et al., 2017). On the
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other hand, in the second phase, as the adsorption sites of the soil reactive particles are
partially saturated, the amount of the element exceeds the amount of available sorption sites
and its concentration in the soil solution will be higher (Gatiboni et al., 2008; Tiecher et al.,
2018). Thus, studies on heavy metal adsorption and desorption kinetics or concentrations in
soil solution may help predict the real risks of environmental contamination (Casali et al.,
2008; Li et al., 2018; Peng et al., 2018; Mishra et al., 2017) including toxicity to plants in
agroecosystems, such as in areas grown with annual crops, pastures, fruit trees or revegetated
mining areas.

When Cu and Zn addition is excessive, soil contents reach levels higher than those
considered critical to crop production (Rehman et al., 2017) and the risk of environmental
damage is significantly increased (Doabi et al., 2018; Wan et al., 2019). According to
Gatiboni et al. (2015), this soil content can be considered the critical environmental limit
(CEL) and it is associated with the risk of transport of these chemical elements from the soil
to other compartments such as water bodies, atmosphere and living beings (Reimann et al.,
2018). This shows the vulnerability of the system to environmental impacts (Yotova et al.,
2018). In most conventional agricultural production systems, soils are tilled more or less
intensely, which stimulates SOM mineralization and lowers its contents (Angst et al., 2018).
On the other hand, in conservation systems, there is no tilling and plant residues are deposited
on the soil surface. This allows the accumulation of SOM and consequently total organic
carbon (TOC) throughout the growing cycles (Lourenzi et al., 2014; Loss et al., 2015; Loss et
al., 2017; Santos et al., 2018). As a result, there is a change in the relationship between the
clay fraction and SOM in the different soil layers.

At this time, the clay and SOM mixture ratios in soils of cropping systems under
severe anthropogenic activity are not well-known because of the heterogeneity among
different soil types with respect to adsorbent surfaces (Liu et al., 2018; Rinot et al., 2019).
Furthermore, the MAC of Cu and/or Zn and the contents (estimated by analysis methods) in
which the rapid increase of their concentrations occur in the soil solution and negatively
impact the environment are still not clear. However, this can be estimated by mixing soils to
assess the combination of different clay and SOM ratios. The study aimed to estimate Cu and
Zn contents in soil mixtures with varying clay and SOM contents, from which the two heavy
metals are transported to the soil solution and represent increased potential for environmental

contamination.
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4.2  MATERIAL AND METHODS

4.2.1 Soil description and composition of clay and soil organic matter contents

Soil samples were collected at the subsurface horizon (Bw horizon) of a soil
classified as Oxisol (OX) (Soil Survey Staff, 2014) of a natural grassland area in Campos
Novos (SC), and at the surface horizon (A horizon) of a soil classified as Inceptisol (IN) (Soil
Survey Staff, 2014) of a natural grassland area in Sao Joaquim (SC), both located in southern
Brazil. The soil samples were air-dried, passed through a 2 mm mesh sieve, prepared and
subjected to physical and chemical analysis, according to the methodology proposed by
Tedesco et al.(1995) (Table 1).

Table 5. Physical and chemical characteristics of the subsurface Bw horizon of the Oxisol and the
surface A horizon of the Inceptisol.

Characteristic Oxisol Inceptisol

Clay (g kgH®V 700 170
Organic matter (g kg™)" 18 95
pH in water® 5.0 5.1
SMP index® 5.4 53
Cu (mg dm™)? 5.8 10.6
Zn (mg dm™)@ 0.7 22.6
P (mg dm™)® 3.0 15.3
K (mg dm™)® 364.0 316.0
Ca (cmol, dm™)@ 1.2 10.1
Mg (cmol, dm™)® 0.5 25
Al (cmol, dm™)? 0.7 0.2
H+Al (cmol, dm™)? 8.7 9.7
Effective CEC(cmol, dm™) 34 13.6
CEC pH,, (cmol, dm™) 11.4 23.1
Aluminum saturation (%) 20.6 1.5
Base saturation (%) 233 58.1

(Pparticle size distribution determined by the Pipette method and OM: organic matter, oxidized by a
sulfochromic solution according to methods described in Embrapa, (1997).%’Chemical characterization
according to methods described in Tedesco et al. (1995); pH in 1:1 ratio; H+Al evaluated by potentiometry after
the addition of SMP solution; P, K, Cu and Zn extracted by Mehlich-1; Exchangeable Ca, Mg and Al extracted
by 1.0 mol L'KCL.
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The soils were incubated with equal doses of CaCO; and MgCOs in a 2:1 ratio
(PRNT = 100%) to raise the pH in water to 6.0. They remained in 2 L plastic bags for 60 days
until the pH was stable. This is the recommended pH value for most agricultural soils (CQFS-
RS/SC, 2016). The soils were kept at 70% of the maximum water holding capacity (MWHC)
(Brunetto et al., 2019), with an average temperature of 16-26°C and relative air humidity of
approximately 60%. The bags were opened every two days for gas exchange.

In order to obtain soils with different clay and SOM contents, mixtures of the two
soils (OX and IN) were made in ratios of 100% IN; 24.5% OX + 75.5% IN; 62.3% OX +
37.7% IN; 100% OX. At the end, the soils had contents of 170 g kg™ clay + 95 g kg”' SOM
(170C+95SOM); 300 g kg™ clay + 76 g kg”! SOM (300C+76SOM); 500 g kg™ clay + 47 g kg’
' SOM (500C+47SOM); 700 g kg clay + 18 g kg’ SOM (700C+18SOM), respectively
(Table 2).

Table 6. Characteristics of the soil mixtures obtained from the combination of aOxisol (OX) and a
Inceptisol (IN).

Mixtures 0X IN Clay SOM
% gkg!
170C+95SOM 0 100 170 95
300C+76SOM 24.5 75.5 300 76
500C+47SOM 62.3 37.7 500 47
700C+18SOM 100 0 700 18

OX = Oxisol; IN = Inceptisol; SOM = Soil organic matter.

Soil mixtures were incubated for 30 days under conditions identical to those used to
correct the pH. This incubation procedure was done to stabilize the physical-chemical
properties of the clay-SOM mixtures. Afterwards, the soil mixtures were air-dried, passed
through a 2 mm mesh sieve, prepared and reserved to determine the maximum adsorption

capacity of Cu and Zn (MAC-Cu and MAC-Zn).
4.2.2 Maximum adsorption capacity of Cu and Zn
Cu and Zn adsorption isotherms were done according to the methodology proposed

by Casagrande et al. (2004). To this end, we placed 0.5 g of the mixtures of each soil in 15 ml
Falcon tubes. Then, we added 10 mL of 0.001 mol Lt CaCl, containing solutions of
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CuS04.5H,0 and ZnS0O,4.7H,0O at concentrations of 0; 0.5; 1.25; 2.5; 5.0; 10.0; 20.0; 40.0;
80.0; 120.0 and 160.0 mg L of Cu and Zn. These concentrations are equivalent to 0, 10, 25,
50, 100, 200, 400, 800, 1600, 2400 and 3200 mg Cu and Zn kg'1 soil. This procedure was
performed separately for Cu and Zn. Samples were shaken for 16 h on an end-over-end shaker
and centrifuged at 3000 rpm for 10 min. Cu and Zn in the extract were analyzed by atomic
absorption spectrometry (PerkinElmer AAnalyst 200, USA). The adsorbed Cu and Zn were
obtained by subtracting the amounts added from the amounts measured in the solution.

Based on this, adsorption isotherms were constructed by plotting the amount of the
adsorbed metal in the ordinate and the equilibrium concentration in the abscissa. The data was

fit by the Langmuir model, described by Sparks (1995), which is given by Equation 1:

__ kxCmax xCsol

1+k*Csol (Equation 1)

Where: ¢ is the adsorbed amount of the ion; Cmaxis the maximum sorption capacity of the
ion; k is the constant related to adsorbent affinity for the adsorbate, and Cso/ is the
concentration of the ion in the solution.

4.2.3 Soil incubation and determining Cu and Zn critical environmental limit

After determining the maximum adsorption capacity of Cu and Zn (MAC-Cu and
MAC-Zn) of each soil mixture by the Langmuir model, the data was used to incubate the soil
with Cu and Zn doses proportional to MAC-Cu and MAC-Zn. To this end, we placed 20 g of
each soil mixture in plastic containers and then we applied 3 mL of CuSO45H,O and
ZnS04.7H,0 solutions at concentrations equivalent to 0; 12.5; 25; 50; 75 and 100% of the
MAC of Cu and Zn. Incubation was performed for a period of 20 days with four replicates.
During this period, the soil mixtures were kept at 70% of MWHC. In order to do this, the
containers with the soil mixtures remained closed and kept in a BOD (Biochemical Oxygen
Demand) incubator with a constant temperature of 26°C.

After incubation, the soil was air-dried, passed through a 2 mm mesh sieve and
reserved. We added 1 g of soil into the Falcon tubes to extract water soluble Cu and Zn
contents (Cu/Zn-water). Immediately thereafter, we added 10 mL of distilled water into the
tubes and then stirred for 1 hronanend-over-end shaker at 30 rpm. The samples were then
centrifuged at 5,000 rpm for 10 min. The extract was removed and reserved. A second portion

of the dried and sieved soil derived from the incubation was used to extract Cu and Zn by
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Mehlich-1 (Tedesco et al., 1995) and Mehlich-3 (Mehlich, 1984). Cu and Zn concentrations
extracted in water, Mehlich-1 and Mehlich-3 were determined by atomic absorption

spectrometer (PerkinElmer A Analyst 200, USA).
4.3 STATISTICAL ANALYSIS

The points where Cu and Zn concentration increased rapidly in the solution of soil
mixtures were obtained from the samples incubated with Cu and Zn doses by adjusting
functions relating Cu and Zn contents extracted by water (ordinate) with those extracted by
Mehlich-1 and Mehlich-3 (abscissa). A segmented regression model was fitted to determine
the Cu and Zn dose added to soil in which the release of Cu and Zn to water becomes
significant. The mathematical functions were segmented, using the method of Least squares in
which the point of intersection between the two segments is the content corresponding to the
critical environmental limit (CEL) of Cu and Zn. The fitting was based on the highest possible
coefficient of determination (R?). Two types of extractors were used because of possible
differences in extraction efficiency and correlation between the available heavy metals
extracted by Mehlich-1, Mehlich-3 and in water. The Mehlich-1 method showed the highest
correlation coefficient compared to the Mehlich-3 method and it was the method used in this

study.
4.4 RESULTS AND DISCUSSION

The MAC of Cu and Zn varied according to clay and SOM contents of the soil
mixtures (Table 3; Figures la, 1b). MAC-Cu increased from 1,416 mg kg™ in 700C+18SOM
to 2,701 mg kg Cu in 170C+95SOM, which was the highest concentration (Table 3; Figure
1a). On the other hand, MAC-Zn increased from 1,917 mg kg™ in 700C+18SOM to 2,402 mg
kg Zn in 170C+95SOM, which was the highest concentration (Table 3; Figure 1b). This can
be attributed to the high affinity of the metal ions (such as those of Cu and Zn) with functional
groups of solid phase reactive particles, including those present in SOM such as carboxyl,
hydroxyl, aldehyde, ketone, ester, amino, nitro and thiol (Shi et al., 2018; Kwiatkowska-
Malina, 2018; Ondrasek et al., 2019). Thus, with the increase in MAC of these metal ions, we
expect lower Cu and Zn availability in soils (Ortiz-Soto et al., 2019), which may decrease the
potential for plant toxicity (Schellekens et al., 2017; Ondrasek et al., 2018) and the potential

for water contamination (Luque-Espinar et al., 2018; Liang et al., 2019). Furthermore, we
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found that Cu showed higher adsorption capacity than Zn. This is most likely due to its higher
affinity to sorption sites of soil organic particles (Petrovi¢ et al., 2017; Zhang et al., 2017;
Noulas et al., 2018).

Table 7. Parameters related to Cu/Zn adsorption isotherms by the Langmuir model in soils

with different clay and organic matter contents, prepared from soil mixtures: 170C+95SOM =

170 g kg clay + 95 g kg SOM; 300C+76SOM = 300 g kg clay + 76 g kg SOM;

500C+47SOM =500 g kg clay + 47 g kg SOM; 700C+18SOM = 700 g kg clay + 18 g kg’
SOM.

Mixtures Langmuir equation R? k@ MAC® Adsorption

-1

L mg mg kg’ mg kg'! (%)
Cu
170C+95SOM  q = (0,6%3333,33*C)/(0,6+3*C)" 0,73  0,60d 3333 a 2701a®  (81)

300C+76SOM  q = (4,44%2500%C)/(1+4,44*C) 0,98 4,44b  2500b 2438 b (97)

500C+47SOM g = (5*2000*C)/(1+5*C) 0,99 5,00a 2000 ¢ 1987 ¢ (99)
700C+18SOM  q=(2,33*1428,57*C)/(1+2,33*C) 0,99 2,33 ¢ 1428 d 1416 d 99)
Zn
170C+95SOM g = (1,33*2500*C)/(1,33+1*C) 095 133a 2500 a 2402 a 94)
300C+76SOM g = (1*2500*C)/(1+1*C) 0,96 1,00b 2500 a 2394 b (96)
500C+47SOM  q = (0,66*2500*C)/(1+0,66*C) 0,95 0,66c¢ 2500 a 2387 ¢ (95)
700C+18SOM g = (0,45*2000*C)/(1+0,45*C) 0,96 045d 2000 b 1917d (95)

(IC = Cu/Zn concentration in the equilibrium solution; q = Cu/Zn adsorbed to soil. Pk = constant related to
adsorbent affinity for the adsorbate.’MAC = maximum adsorption capacity of Cu/Zn. “(%) = the value in
parenthesis indicates the percentage of adsorbed copper, considering the MAC-Cu/Zn fitted by the Langmuir
model as a value of 100%."’Means followed by the same letter in the column do not differ statistically from one
another by the Tukey test at 5%.

The adsorption reactions for Cu and Zn presented by Langmuir model consider at
least two distinct phases. In the first phase, the lowest amounts of Cu and Zn added are almost
completely sorbed into the soil, leaving low Cu and Zn concentrations in the solution
(Brunetto et al., 2014; Tiecher et al., 2017). On the other hand, in the second phase, because
the adsorption sites of the soil reactive particles are partially saturated, the amount of Cu and
Zn exceeds the amount of available sorption sites and thus more Cu and Zn remain in the
solution (Gatiboni et al., 2008; Tiecher et al., 2018). This justifies the results shown in Figures
la and 1b. However, a higher concentration of Zn was found in the soil solution in
comparison to Cu. This may suggest that Cu interacts more strongly with reactive soil

surfaces compared to Zn (Fernandez et al., 2015; Argyraki et al., 2017). Cu adsorption with



72

soil mineral constituents typically occurs with high specificity bonds and at higher pH values,
with formation of hydrolyzed metallic species (McBride, 1989). This is due to the higher
electronegativity of Cu compared to Zn.

Furthermore, the presence of secondary minerals such as kaolinite and gibbsite in the
clay fraction facilitates Cu adsorption through specific adsorption. It is favored by the fact that
the Cu atom has an unpaired electron in the outermost electronic layer (Zhou et al., 2018). Cu
has the electronic configuration [Ar]3d'%4s', which gives it a higher electron sharing capacity
with electronically insufficient functional groups in comparison to Zn. This gives Cu a high
binding energy and low desorption (Lair et al., 2006; Casali et al., 2008). Among these
functional groups are the carboxyl and phenolic OH of humic substances, and the OH group
of kaolinite and oxides, Fe, Al and Mnoxyhydroxides and hydroxides and in amorphous
silicates (Canellas et al., 1999; Telkapalliwar et al., 2018). It should be noted that the lowest
MAC-Cu/Zn values were found in the mixture that combines higher clay contents with lower
SOM contents (700C+18SOM). This can be attributed to rapid Cu and Zn occupation of
adsorption sites, especially those derived from inorganic reactive soil particles such as clay

minerals and Fe and Al oxides (Groenenbergand Lofts, 2014; Peng et al., 2018).
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Figure 5. Cu and Zn adsorption isotherms in different soil mixtures: 170C+95SOM = 170 g
kg! clay + 95 g kg™ SOM; 300C+76SOM = 300 g kg™ clay + 76 g kg™ SOM; 500C+47SOM
=500 g kg clay + 47 g kg”' SOM; 700C+18SOM = 700 g kg™ clay + 18 g kg! SOM. The
curves represent the fitting by the Langmuir model. MAC-Cu and MAC-Zn: Maximum
adsorption capacity of Cu and Zn.
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The concentrations of Cu/Zn-water and even contents extracted by Mehlich-1 in soil
mixtures with the lowest Cu/Zn doses were significantly low, close to zero (Figures 2 and 3).
These results show that most Cu and Zn added to soil mixtures were adsorbed to functional
groups of inorganic and organic soil particles without causing a significant increase in soil
solution concentrations (Hussain et al., 2006). However, the addition of higher Cu/Zn doses

significantly increased Cu and Zn concentrations in water (Figures 2 and 3). This increase of
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Cu concentration occurred last in the mixture that combines higher clay content with lower
SOM content (700C+18SOM) and subsequently in less clayey mixtures with higher SOM
content. On the other hand, the significant increase of Zn concentration in water occurred first
in the mixture of soils with higher clay content and lower SOM content (700C+18SOM) and

subsequently in those with lower clay contents and higher SOM contents.

Figure 6. Cu concentration in water as a function of the amount of Cu available in soil
extracted by Mehlich-1 in soil mixtures with different clay and SOM contents: 170C+95SOM
=170 g kg clay + 95 g kg! SOM; 300C+76SOM = 300 g kg clay + 76 g kg SOM;
500C+47SOM = 500 g kg™ clay + 47 g kg™ SOM; 700C+18SOM = 700 g kg clay + 18 g kg’
' SOM. Bold values show the available Cu content extracted by Mehlich-1, from which the
transport of Cu into water increases rapidly.
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Figure 7. Concentration of Zn in water as a function of the amount of Zn available in soil
extracted by Mehlich-1 in soil mixtures with different clay and organic matter contents:
170C+95SOM = 170 g kg™ clay + 95 g kg SOM; 300C+76SOM =300 g kg™ clay + 76 g kg’
' SOM; 500C+47SOM = 500 g kg clay + 47 g kg™ SOM; 700C+18SOM = 700 g kg™ clay +
18 g kg SOM. Bold values show the available Zn content extracted by Mehlich-1, from
which the transport of Zn into the water increases rapidly.
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Due to the higher adsorption capacity of Cu, soil mixtures with higher clay contents
desorbed less Cu to water, as Cu additions in these soil mixtures exceeded the amount of
available adsorption sites, while larger amounts of Cu were desorbed to those with lower clay
content and higher SOM content (Aissaoui and Barkat, 2018; Kwiatkowska-Malina, 2018). A
high partitioning of Cu is commonly observed with the solid phase of the soil, even with
strong ion binding with SOM functional groups (Shi et al., 2018). In this study, there was
most likely a predominance of the release of Cu ions complexed with SOM. Thus, they were
easily extracted by Mehlich-1, which indicates potential availability to crops (Ballabio et al.,
2018; Li et al., 2018; Napoli et al., 2019). However, the same did not happen for Zn. Soil

mixtures with higher clay content and lower SOM content desorbed higher amounts of Zn to
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water and smaller amounts to those with lower clay content and higher SOM content. This is
because Zn usually has higher binding affinity to functional groups of the mineral solid phase
of the soil (Brunetto et al., 2017; Brunetto et al., 2018). However, a considerable part of Zn
can also be adsorbed to functional groups of the organic phase (Fernandez-Calviiio et al.,
2012; Tiecher et al., 2017; Tiecher et al., 2018; Somavilla et al., 2018). Furthermore, part of
Zn can be found in the exchangeable fraction and in free form in the solution or in soluble
ionic pairs (Citeau et al., 2003; Couto et al., 2015, Noulas et al., 2018).

Soil mixtures with higher clay content supported higher Cu doses than those with
lower clay content, resulting in lower Cu concentrations in water (Figure 2). On the other
hand, soil mixtures with higher SOM content supported higher Zn doses compared to those
with lower SOM content (Figure 3). These results confirm the hypothesis that clay and SOM
contents may govern higher or lower Cu and Zn desorption in different soil types as a result
of the varying contents of these variables (Brunetto et al., 2017; Aissaoui and Barkat, 2018;
Guinoiseau et al., 2017). However, it is difficult to assess the exact change-point, which
indicates the beginning of the rapid increase in Cu and Zn contents transported to water in
response to Cu and Zn addition to soils. For instance, these heavy metals may come from
animal waste applied to the soil surface in cropping systems (Da Rosa et al., 2018), from
fungicides applied to crops to control foliar fungal diseases in vineyards and apple orchards
(Brunetto et al., 2016; Brunetto et al., 2018; Marastoni et al., 2019) or even in soils where
ores have been mined (Salnikova et al., 2018; Aihemaiti et al., 2018). This is also dependent
on other variables, such as the strong interactions of Cu and Zn with the mineral and
biological constituents of the soil, which boost transport to waters (Paluch et al., 2018).
However, the implications of these exchange processes, which occur between soils and
waters, are still poorly studied in environmental systems (Aebischer et al., 2015; Yin et al.,
2016; Vance et al., 2016).

The use of segmented equations (shown in Figures 2 and 3) is a method that can be
used in similar studies that evaluate and estimate the point from which the rapid transport of
adsorbed chemical elements in soil particles to water occurs. For 170C+95SOM, there was a
rapid increase in Cu concentration in water starting from 147 mg kg’ Cu extracted by
Mehlich-1, showing that this value is the change-point for soils with these characteristics. The
change-point values for 300C+76SOM, 500C+47SOM and 700C+18SOM were 118, 168, 187
mg kg Cu, respectively (Figure 2). Cu-water concentrations in these soil mixtures that
represent change-point values were 0.26, 0.10, 0.11 and 0.15 mg L for 170C+95SOM,
300C+76SOM, 500C+47SOM and 700C+18SOM, respectively (Figure 2). Maximum
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allowable concentrations of heavy metals in agricultural soils are set by regulatory bodies
such as the World Health Organization (WHO) and the Food and Agriculture Organization
(FAO). For instance, 120 mg kg™ is the value allowed for Cu concentration in Italy, while this
value reaches 600 mg kg™ in the Czech Republic (Antoniadis et al., 2019). According to
Brazilian law, a total content of 200 mg Cu kg of soil is considered the intervention value
(Brasil, 2009), i.e., it defines the exceptional cases in which the competent environmental
agency may require the suppression of human activities that result in the increase of Cu
content in soil.

In 170C+95SOM, there was a rapid increase in Zn concentration in water starting at
85 mg kg'1 Zn extracted by Mehlich-1, which indicates that this is the change-pointvalue for
soils with these characteristics (Figure 3). The change-point values for 300C+76SOM,
500C+47SOM and 700C+18SOM were 116, 91, 61 mg kg Zn, respectively (Figure 3). Zn-
water concentrations at these change-point values were 0.37, 0.69, 0.32 and 0.06 mg L' for
170C+95SOM, 300C+76SOM, 500C+47SOM and 700C+18SOM, respectively (Figure 3).
According to Brazilian law, a total content of 450 mg Zn kg of soil is the considered the
intervention value (Brasil, 2009), i.e., it defines the exceptional cases in which the competent
environmental agency may require the suppression of human activities that result in increased
Zn content in soil. This value is 150 mg kg for Zn concentration in Italy, while it reaches
2500 mg kg™ in the Czech Republic (Antoniadis et al., 2019).

Unlike Zn, the indicative point of rapid transport of Cu adsorbed to particles of the
soil mixtures to water was higher. Thus, higher Cu concentrations were extracted by Mehlich-
1 in all soil mixtures until this point was reached. This lower Cu desorption is due to its
higher stability constant compared to Zn, which promotes lower Cu extraction potential and
consequently lower availability (Guinoiseau et al., 2017; Paluch et al., 2018; Josko, 2019).

The relationship between the variations in clay and SOM contents of the soil
mixtures with Cu and Zn contents extracted by Mehlich-1, which indicate the points of
change from which Cu and Zn rapidly transport to water, had nonlinear responses. As a result,
these points of change are assigned the maximum values. Based on these values, if the soil
has amounts of available Cu and Zn that exceed these limits, this may cause significant
environmental impact. This is an indication that the soil will be supplying Cu and Zn to
ecosystems by transporting these heavy metals to surface and/or subsurface waters, which is
undesirable. This is because high concentrations of Cu and Zn in water can cause a lot of
harm to human health if water is consumed frequently. Exposure to high Cu levels is

associated with increased cardiovascular morbidity, liver damage, and neurological disorders
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(Prakash et al., 2015), while excessive Zn levels may cause impaired lymphocyte function
(Haase and Rink, 2014; Salnikova et al., 2018). The increase of Cu and Zn in the solution
may also potentiate toxicity to several plant species exposed to these conditions (Tiecher et
al., 2016; De Conti et al., 2016; Girotto et al., 2016; Miotto et al., 2017; Brunetto et al., 2017).
For instance, increasing Cu and Zn in solution, especially in surface layers of vineyard soils,
can cause morphological and anatomical changes in roots of cover crop species grown in
vineyards. This negatively affects water and nutrient uptake, decreasing shoot dry matter
production and, consequently, the amount of crop residues deposited on the soil surface
(Marastoni et al., 2019; De Conti et al., 2019). Furthermore, excess Cu and Zn in the soil
solution enhance uptake by young growing grapevines as well as mature producing
grapevines. Excess of these two heavy metals in plant tissue can cause biochemical stress and
physiological changes such as decreased photosynthetic activity, reducing the growth of
young plants and possibly even decreasing grape yield in adult grapevines (Tiecher et al.,
2018; Brunetto et al., 2019).

The increase in available Cu and Zn concentrations and in soil solution may also be
observed in no-tillage soils with a long history of application of animal waste such as liquid or
solid pig manure (Tiecher et al., 2013; Benedet et al., 2016; De Conti et al., 2016) and may
cause toxicity to cover crop species, in addition to grain and pasture crops. Also, part of the
Cu and Zn present in the solution may be transported to surface water mirrors adjacent to the
cultivated areas, because part of the areas with a history of manure application are located on
sloping soils. Furthermore, the increase of Cu and Zn in solution may be observed in mining
areas, which is undesirable. This is because in addition to the transport of the two heavy
metals by runoff solution to surface waters, toxicity to plants may occur not only in native or
exotic grass species, but also in trees planted for revegetation.

Thus, a value that represents the point in which there is rapid transport Cu and Zn to
water, estimated for each soil type considering varying clay and SOM contents, can be used as

a parameter to predict the contamination potential and toxicity potential to plants.

4.5 CONCLUSIONS

Soil mixtures combining higher clay contents with lower soil organic matter contents

supported the addition of higher Cu doses, while this behavior was found in soil mixtures

containing higher SOM contents combined with lower clay contents for Zn, which resulted in
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lower Cu and Zn concentrations in water. These results confirm that variations in clay and
SOM contents govern Cu and Zn availability in different soil types.

Amounts of available Cu and Zn above the maximum values supported by the soil
increase the risk of transport to surface and/or subsurface waters, resulting in higher risks of
environmental contamination by these heavy metals. Cu transport limits ranged from 118 to
187 mg kg™. The lowest values were found in soil mixtures containing lower clay contents in
combination with higher SOM contents. Zn transport limits ranged from 61 to 116 mg kg™
The highest values were found in soil mixtures containing lower clay contents combined with
higher SOM contents. Thus, these values can be used as safe limits for inspection agencies,
technical assistance institutions and farmers to monitor environmental contamination by these

heavy metals.
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5 ARTIGO 3
Proposicao de limites criticos de transferéncia de cobre e zinco para a solucdo em solos
RESUMO

Virios estudos reportam incrementos dos teores de cobre (Cu) e zinco (Zn) em solos agricolas
no Mundo. Porém, ndo ¢é suficientemente conhecido os limites criticos de transferéncia
(threshold-Cu e threshold-Zn) em solos (T-Cu e T-Zn), que podem indicar o real risco de
contamina¢cdo ambiental e toxidez as plantas. O estudo objetivou estabelecer a capacidade
maxima de adsor¢do (MAC) e threshold (T-Cu e T-Zn) em solos com diferentes teores de
argila e matéria organica (OM). Amostras do horizonte Bw de um Oxisol e do horizonte A de
um Inceptisol foram usados para se obter solos com teores de argila variando de 4 até 70% e
de OM variando de 0,5 a 9,5%. O pH dos solos foi ajustado para 6.0. Curvas de adsor¢do de
Cu e Zn foram obtidas para a determinagdo das MAC. Com base nos valores de MAC de Cu e
Zn foram aplicadas diferentes concentragdes desses elementos aos solos para posterior
quantifica¢do dos teores disponiveis por Mehlich-1 e em 4gua. Para os solos com diferentes
teores de argila o T-Cu variou de 81 até 595 mg Cu kg, enquanto que para o T-Zn variou de
195 até 378 mg Zn kg™'. Para os solos com diferentes teores de OM o T-Cu variou de 97 até
667 mg Cu kg, enquanto que para o T-Zn variou de 226 até 495 mg Zn kg”'. O T-Cu foi
obtido a partir da equagdo: T-Cu=75*(%CL"**)*(%OM"*), enquanto que o T-Zn pode ser
obtido a partir das equagdes: T-Zn=2.7*(CL)+126, considerando o teor de argila e T-Zn=-
9.3%(%0OM)*+92.4*(%OM)+66, considerando o teor de OM. Os T-Cu e T-Zn podem ser
utilizados como balizadores seguros para a pesquisa, 0rgdos de fiscalizagdo, instituicdes de
assisténcia técnica e fazendeiros, como indicadores para o monitoramento do potencial de
contaminagdo ambiental.

Palavras-chaves: Metais pesados; Transferéncia de nutrientes; Polui¢do ambiental; Cultivos
agricolas.
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ABSTRACT

Several studies report increases in the levels of copper (Cu) and zinc (Zn) in agricultural soils
in the world. However, the critical transfer limits (threshold-Cu and threshold-Zn) in soils (T-
Cu and T-Zn) are not sufficiently known, which may indicate the real risk of environmental
contamination and toxicity to plants. The study aimed to establish the maximum adsorption
capacity (MAC) and threshold (T-Cu and T-Zn) in soils with different levels of clay and
organic matter (OM). Samples of the Bw horizon of an Oxisol and the A horizon of an
Inceptisol were used to obtain soils with clay contents ranging from 4 to 70% and OM
ranging from 0.5 to 9.5%. The soil pH was adjusted to 6.0. Cu and Zn adsorption curves were
obtained for MAC determination. Based on the MAC values of Cu and Zn, different
concentrations of these elements were applied to the soils for later quantification of the levels
available by Mehlich-1 and in water. For soils with different clay contents, T-Cu ranged from
81 to 595 mg Cu kg', while for T-Zn it ranged from 195 to 378 mg Zn kg'. For soils with
different OM levels, T-Cu ranged from 97 to 667 mg Cu kg, while for T-Zn it ranged from
226 to 495 mg Zn kg'. T-Cu was obtained from the equation: T-Cu = 75%(% CL***)*(%
OM"?%), while T-Zn can be obtained from the equations: T-Zn = 2.7*(CL)+126, considering
the clay content and T-Zn = -9.3*(%OM)*+92.4*(%0OM)+66, considering the OM content. T-
Cu and T-Zn can be used as safe beacons for research, inspection bodies, technical assistance
institutions and farmers, as indicators for monitoring the potential for environmental
contamination.

Keywords: Heavy metals. Nutrient transfer. Environmental pollution. Agricultural crops.
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54 INTRODUCAO

Estudos realizados em solos agricolas do Mundo revelam que quando os teores de
metais pesados, como o cobre (Cu) e o zinco (Zn), ultrapassam os valores de padrdes pré
estabelecidos pelas agéncias ambientais reguladoras (Li et al., 2017), o potencial de
transferéncia destes elementos para o ambiente aumenta. Porém, ndo sdo suficientemente
conhecidos os niveis criticos de transferéncia para Cu e Zn (threshold-Cu e threshold-Zn) em
solos, a partir dos quais a contaminagdo de aguas e a toxidez as plantas pode ser
potencializada.

O Cu e Zn em solos sdo derivados do material de origem, atividade de mineragao,
residuos industriais, emissdes automotivas, fertilizantes industrializados, uso excessivo de
agrotoxicos, aplicacdes sucessivas de dejetos de animais, irrigacao de aguas residuais, lodo de
esgoto, entre outros (Shi et al., 2018; Cui et al., 2018; O’Connor et al., 2018; Yang et al.,
2018). O Cu e o Zn adicionados em solos podem ser adsorvidos por ligacdes fisico-quimicas,
onde a labilidade ¢ dependente do contetdo de minerais, 6xidos e hidroxidos de Fe, Al e Mn,
carbonatos e matéria organica (Brunetto et al., 2014), valor de pH do solo (Rodrigues et al.,
2012; Huang et al., 2014; Read et al., 2016 ), da capacidade de troca de cations (CTC) e do
teor e composicao da matéria organica (Ferndndez-Calvino et al., 2010; Refaey et al., 2017).
Parte do Cu e Zn podem ser adsorvidos inicialmente em sitios de ligacdo mais avidos,
formando complexos de esfera interna com os grupos funcionais de particulas organicas e
inorganicas (Brunetto et al., 2017; Telkapalliwar et al., 2018). O restante do Cu e Zn sdo
distribuidos em fragdes retidas com menor energia de ligagdo, que possuem maior potencial
de transferéncia (Brunetto et al., 2016). A estimativa da capacidade maxima de adsor¢ao
(MAC) de Cu e Zn em solos pode ser util para entender o processo de sor¢ao e dessor¢ao
desses metais.

A MAC pode ser estimada pelo modelo proposto por Langmuir, que considera pelo
menos duas fases distintas (Wang et al., 2006; Hu et al., 2015). Na primeira fase, a menor
quantidade do elemento adicionado ao solo ¢ sorvida aos grupos funcionais de particulas
reativas, inorganicas e/ou organicas, quase por completo, restando pequena concentracdo do
elemento na solucdo (Brunetto et al., 2014; Tiecher et al., 2017). Por outro lado, na segunda
fase, com os sitios de adsorcdo das particulas reativas dos solos parcialmente saturados, a
quantidade do elemento excede a quantidade de sitios de sor¢ao disponiveis, desta forma, a
concentracao do elemento na solucao do solo sera maior (Gatiboni et al., 2008; Tiecher et al.,

2018). Assim, os estudos de cinética de adsor¢ao de metais, como o Cu e Zn, podem auxiliar


https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0016706118309868#bb0055
https://www-sciencedirect.ez46.periodicos.capes.gov.br/science/article/pii/S0269749118314672%252523bib34
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na predi¢do do risco de contaminagdo em solos (Fangueiro et al., 2005; Casali et al., 2008; Li
et al., 2016; Peng et al., 2018; Mishra et al., 2017).

Para avaliar o potencial poluidor de um solo, uma possivel metodologia ¢ o
estabelecimento do limite critico ambiental (threshold) do elemento quimico, como proposto
para fosforo (P) por Gatiboni et al. (2015), para solos do estado de Santa Catarina, na regido
Sul do Brasil. Por este método ¢ estabelecido um teor disponivel do elemento quimico na
analise de solo, a partir do qual aumenta sensivelmente o risco de transferéncia do solo para
outros ambientes. Similar método estd sendo proposto para Cu e Zn no presente estudo, onde
a partir de um determinado teor no solo, aumenta a possibilidade de transferéncia para outros
compartimentos, como aguas (Reimann et al., 2018). Isso € possivel, através da relacdo entre
os teores de Cu e Zn extraidos por um determinado extrator, como o Mehlich-1 (Mehlich,
1953), usado em laboratorios de analises no Mundo, e as concentracdes de Cu e Zn em
equilibrio na solugdo do solo. A partir destas duas varidveis sd3o ajustados modelos de
regressdo segmentada onde o ponto de interseccdo entre os dois segmentos representa o
threshold (T-Cu e T-Zn).

Assim, o T-Cu e T-Zn podera constituir eficiente parametro de referéncia, para
estimativa do risco ambiental dos dois elementos em agroecossistemas (Sotek-Podwika et al.,
2016). Os valores obtidos poderdo ser norteadores de normativas, por exemplo, elaboradas
por agéncias ambientais reguladoras. O estudo objetivou estabelecer a MAC e threshold (T-

Cu e T-Zn), em solos com diferentes teores de argila e matéria organica (OM).

5.5 MATERIAL E METODOS

5.5.1 Descricao dos solos e construcao dos teores de argila e matéria organica do solo

Amostras de solo foram coletadas no horizonte sub-superficial (horizonte Bw) de um
solo Latossolo Bruno (Embrapa, 2018)(Oxisol-Soil Taxonomy, 1999), localizado em uma
area de campo natural no municipio de Campos Novos (SC), e no horizonte superficial
(horizonte A), de um solo Cambissolo Himico (Embrapa, 2018)(Inceptisol-Soil Taxonomy,
1999), localizado em uma area de campo natural no municipio de Sdo Joaquim (SC), ambos
na regido Sul do Brasil. As amostras de solo foram secas ao ar, passadas em peneira com
malha de 2 mm, preparadas e submetidas as analises fisicas e quimicas, segundo metodologia

proposta por Tedesco et al. (1995) (Tabela 1).
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Table 8. Physical and chemical characteristics of the subsurface Bw horizon of the Oxisol and
the surface A horizon of the Inceptisol.

Characteristic Oxisol Inceptisol
1 Pipette method
Clay (g kg™) (Embrapa. 1997) 700 170
Organic matter (g kg™) (Tedesco et al. 1995) 18 95
pH in water (Tedesco et al. 1995) 5.0 5.1
SMP index 5.4 53
3 Extracted by Mehlich-
Cu (mg dm™) 1(Tedesco et al. 1995) >-8 10.6
3 Extracted by Mehlich-1
Zn (mg dm") (Tedesco et al. 1995) 0.7 226
3 Extracted by Mehlich-
P (mg dm™) 1(Tedesco et al. 1995) 3.0 153
3 Extracted by Mehlich-1
K (mg dm™) (Tedesco et al. 1995) 364.0 316.0
3 Extracted by KCl 1 M
Ca (cmol. dm™) (Tedesco et al. 1995) 1.2 10.1
3 Extracted by KCl 1 M
Mg (emol, dm™) (Tedesco et al. 1995) 0.5 23
3 Extracted by KCl 1 M
Al (emol, dm™) (Tedesco et al. 1995) 0.7 0.2
H+Al (cmol, dm™)? 8.7 9.7
Effective CEC(cmol, dm™) 3.4 13.6
CEC pH,, (cmol, dm™) 11.4 23.1
Aluminum saturation (%) 20.6 1.5
Base saturation (%) 233 58.1
kaolinite,
interstatified Kaolinite and 2: 1

Predominant mineral composition

kaolinite-smectite,
and smectites with
interlayered
hydroxy-Al
polymers

clay minerals with
interlayered
hydroxy-Al
polymers

Os solos foram incubados com doses equivalentes de CaCO3; e MgCOs3, na proporgao

2:1 (PRNT=100%), para elevar o pH em agua até 6,0, permanecendo em sacos plasticos com

capacidade de 2 L por 60 dias até a estabilizagdo do valor de pH. Os solos foram mantidos a

70% da capacidade maxima de retengdo de agua (MWHC)(Brunetto et al., 2019), com

temperatura média de 16-26°C e umidade relativa do ar em torno de 60%. A cada dois dias os

sacos foram abertos para trocas gasosas.



95

Para a obtencdo dos solos com diferentes teores de argila foram realizadas misturas
com areia e solo (Oxisol), nas propor¢des de: 94% areia + 6% solo; 75% areia + 25% solo;
56% areia + 44% solo; 19% areia + 81% solo e 0% areia + 100% solo. Apds as misturas, os
solos possuiam teores de 4; 17; 31; 44; 57 e 70% de argila, respectivamente (Tabela 2). Para a
obtengdo dos solos com diferentes teores de OM foram realizadas misturas com areia e solo
(Inceptisol), nas proporgdes de: 94% areia + 6% solo; 75% areia + 25% solo; 56% areia +
44% solo; 19% areia + 81% solo e 0% areia + 100% solo. Apds as misturas, os solos
possuiam teores de 0,5; 2,0; 4,0; 6,0; 8,0 ¢ 9,5% de OM, respectivamente (Tabela 2). Antes de
ser misturada aos solos, a areia utilizada foi passada em um sistema de peneiras e as particulas
de 0,5 a 1 mm foram separadas para o uso e o restante foi descartado. A areia peneirada
permaneceu em repouso por 24 h em solucdo de HCI 0,1 mol L na proporgdo de 1:1, para
extracao de qualquer residuo de Cu e Zn presentes na areia (Oliveira, 2010). Posteriormente, a
areia foi lavada vérias vezes em agua corrente, até que o pH da agua descartada se mantivesse
semelhante ao pH original da dgua utilizada para a lavagem. Por fim, a areia foi lavada com

agua deionizada e depois seca em estufa de ar for¢ado a 65°C.

Table 9. Characteristics of soil samples prepared from the mixture of soil and sand.

Characteristic Soil
ICL 2CL 3CL 4CL 5CL 6CL
Sand:soil (Oxisol)
94:6 75:25 56:44 38:62 19:81 0:100
Clay (%) 4 17 31 44 57 70
OM (%) 0.3 0.6 0.9 1.2 1.5 1.8
Soil
1OM 20M 30M 40M 50M 60M

Sand:soil (Inceptisol)

94:6 75:25 56:44 38:62 19:81 0:100
Clay (%) 2 5 8 11 14 17
OM (%) 0.5 2 4 6 8 9.5

As misturas dos solos mais areia foram incubadas por um periodo de 30 dias em

condig¢des idénticas as utilizadas para a correcao do pH. Este procedimento de incubacao foi
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realizado para a estabilizagdo das propriedades fisico-quimicas das misturas de argila-areia e
OM-areia. Posteriormente, as misturas dos solos mais areia foram secas ao ar, passadas em
peneira com malha de 2 mm e reservadas para a determinagdo da capacidade méxima de

adsor¢ao de Cu e Zn (MAC-Cu e MAC-Zn).
5.5.2 Capacidade maxima de adsorcio de Cu e Zn

As isotermas de adsor¢do de Cu e Zn foram realizadas seguindo metodologia
proposta por Casagrande et al. (2004). Para isso, foram adicionados 0.5 g das misturas de cada
solo mais areia em tubos tipo Falcon com capacidade de 15 mL. Em seguida, foram
adicionados 10 mL de CaCl, 0.001 mol L' contendo solugdes de CuSO,4.5H,0 e ZnSO4.7H,O
nas concentracdes de 0.0; 0.5; 1.25; 2.5; 5.0; 10.0; 20.0; 40.0; 80.0; 120.0 e 160.0 mg L' de
Cu e Zn, sendo esse procedimento realizado separadamente para o Cu e Zn. Essas
concentragdes equivalem a 0, 10, 25, 50, 100, 200, 400, 800, 1600, 2400 e 3200 mg de Cu e
Zn kg de solo. As amostras foram agitadas por 16 horas em agitador tipo “end-over-end”,
centrifugadas a 3000 rpm por 10 minutos e, no extrato obtido foram determinados os teores de
Cu e Zn por espectrometria de absor¢ao atomica (Perkin Elmer AAnalyst 200, USA). O Cue
Zn adsorvidos foram obtidos pela diferenca entre as quantidades adicionadas e as quantidades
analisadas no extrato.

A partir disso, foram construidas as isotermas de adsorc¢ao, plotando-se a quantidade
do elemento adsorvido na ordenada e a concentragdo de equilibrio na abscissa. Os dados
foram ajustados pelo modelo de Langmuir, descrito por Sparks (1995), que ¢ dada pela

Equacao 1:

__ kxCmax xCsol (1)
" 1+k=Csol

Onde: q ¢ a quantidade adsorvida do ion; Cmax representa a capacidade méxima de sor¢ao do
ion; k ¢ a constante relacionada a afinidade do adsorvente pelo adsorbato e Csol ¢ a
concentracao do ion na solugao.

5.5.3 Incubacgio do solo para determinacio do limite critico de transferéncia de Cu e
Zn

Apo6s a determinacao da capacidade maxima de adsor¢ao do Cu e do Zn (MAC-Cu e

MAC-Zn) de cada mistura de solo mais areia pelo modelo de Langmuir, os resultados foram
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utilizados para realizar uma incubag¢do das misturas de solos com doses de Cu e Zn,
proporcionais 8 MAC-Cu e MAC-Zn. Para isso, 20 g de cada mistura de solo mais areia foi
depositada em recipientes plasticos e, em seguida, foram aplicados 3 mL de solugdes de
CuS04.5H,;0 e ZnSO4.7H,0, nas concentracdes correspondentes a 0; 12.5; 25 e 50% da MAC
de Cu e Zn, separadamente para cada elemento. A incubagdo foi realizada por um periodo de
30 dias, com quatro repeti¢cdes. Durante esse periodo, as misturas de solo foram mantidas a
70% da MWHC. Para isso, os recipientes com as misturas de solos permaneceram fechados e
mantidos em incubadora B.O.D (Demanda Bioquimica de Oxigénio), com temperatura
constante de 26°C.

Apos a incubagdo, o solo foi seco ao ar, passado em peneira com malha de 2 mm e
reservado. Para a extra¢do dos teores de Cu e Zn soliveis em agua (Cu/Zngg,) 1 g de solo foi
adicionado em tubos tipo Falcon. Logo depois, 10 mL de dgua destilada foram adicionados
aos tubos para em seguida serem agitados durante 1 h em agitador “end-over-end” a 30 rpm.
As amostras foram entdo centrifugadas a 5000 rpm por 10 min. O extrato foi retirado e
reservado. Uma segunda por¢ao do solo seco e peneirado, derivado da incubagdo foi utilizado
para a extracao de Cu e Zn disponiveis, extraidos por Mehlich-1 (Tedesco et al., 1995). As
concentragdes de Cu e Zn extraidos em d4gua e Mehlich-1 foram determinadas em

espectrometro de absor¢ao atomica (Perkin Elmer AAnalyst 200, USA).

5.5.4 Analises estatisticas

Os resultados das isotermas de adsor¢do foram submetidos a analise de variancia
(ANOVA) e, quando os efeitos foram significativos entre os solos da mesma variavel, as
médias foram comparadas pelo teste de Tukey (o = 5%). Os pontos onde ocorreu o aumento
rapido da concentragdo de Cu e Zn na solugao das misturas de solos mais areia foram obtidos
a partir das amostras incubadas com doses de Cu e Zn, ajustando-se fung¢des relacionando os
teores de Cu e Zn extraidos por agua (eixo das ordenadas), com aqueles extraidos por
Mehlich-1 (eixo das abscissas). Para determinacdo da dose de Cu e Zn adicionada ao solo em
que a liberacdo de Cu e Zn para a agua passa a ser significativa foi ajustado um modelo de
regressao segmentada, em que as fun¢des matematicas foram de dois segmentos, utilizando o
método de minimos quadrados onde o ponto de interseccdo entre os dois segmentos
representa o teor correspondente ao limite critico de transferéncia (threshold) de Cu e Zn (T-
Cu e T-Zn). O ajuste foi realizado tendo como critério o maior coeficiente de determinagao

possivel (R).
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5.6 RESULTADOS E DISCUSSAO

5.6.1 Capacidade maxima de adsorciao de Cu e Zn no solo

A capacidade maxima de adsor¢cao (MAC) de Cu e Zn variou conforme os teores de
argila e OM dos solos (Tabela 3). Isso comprova que as isotermas de adsor¢do permitem uma
comparagdo de afinidade do Cu e Zn com grupos funcionais de particulas reativas da fase
solida de um determinado tipo de solo (Elbana et al., 2018). Além disso, se observou que
todas as isotermas de adsor¢ao apresentaram ajuste nao linear, com graus variaveis de sor¢ao
entre os solos (Figura 1). Em relagdo a variacdo dos teores de argila do solo, a MAC-Cu
aumentou de 317 mg Cu kg™ no solo com 4% de argila (1CL), para 1932 mg Cu kg™’ no solo
com 70% de argila (6CL), que foi o maior valor de MAC-Cu (Tabela 3). Por outro lado, a
MAC-Zn aumentou de 658 mg Zn kg™ no solo com 4% de argila (1CL), para 1831 mg Zn kg’
"de Zn no solo com 70% de argila (6CL), que foi a maior MAC-Zn (Tabela 3).

Table 10. Parameters related to the Cu/Zn adsorption isotherms by the Langmuir model in
soils with different clay content and soil organic matter: 1CL = 4% clay; 2CL = 17% clay;
3CL = 31% clay; 4CL = 44% clay; 5CL = 57% clay and 6CL = 70% clay, 10M = 0.5% OM,;
20M = 2% OM; 30M = 4% OM; 40M = 6% OM; SOM = 8% OM and 60M = 9.5% OM.

Soil Langmuir Equation R’ k? MAC® Adsorption
Lmg'  mgkg' mgkg' (%)@
Cu
ICL  q=1(0.15%333.3*C)/(1+0.15*C) "V 098 0.15a 3333 f 317 {9 95
2CL  q=(0.13*769.2*C)/(1+0.13*C) 094 0.13b  7692¢ T2l e 93
3CL  q=(0.11¥1250*C)/(1+0.11*C) 0.89 0.llc 1250d 1139d 91
4CL  q=(0.10¥1666*C)/(1+0.10*C) 0.81 0.10d 1666 ¢ 1454 ¢ 87
5CL  q=(0.09%2000*C)/(1+0.09*C) 072 0.09¢ 2000 b 1672 b 83
6CL  q=(0.07%2500*C)/(1+0.07*C) 0.55 0.07f 2500 a 1932 a 77
Zn
ICL  q=(0.01*1000*C)/(1+0.01*C) 0.60 0.01f 1000 e 658 65
2CL  q=(0.04*1111*C)/(140.04*C)" 0.78 0.04¢ 1111d 894 ¢ 80
3CL  q=(0.07%1428*C)/(1+0.07*C) 0.85 0.07d 1428 ¢ 1237d 86
4CL  q=(0.11¥1666*C)/(1+0.11*C) 086 0.l11c 1666 b 1478 ¢ 88
5CL  q=(0.14*¥2000*C)/(1+0.14*C) 0.89 0.14b 2000 a 1793 b 89

6CL q = (0.20*2000*C)/(1+0.20*C) 090 0.20a 2000 a 1831 a 91
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Cu
IOM  q=(0.15*555.5*C)/(1+0.15*C) 097 0.15¢ 5555e 527¢f 94
20M  q=(0.29*1428.5*C)/(1+0.29*C) 097 0.29d 1428.5d 1370 e 95
30M  q=(0.37*1666.6*C)/(1+0.37*C) 096 037c 1666.6 ¢ 1594 d 95
40M  q=(0.41*2000*C)/(1+0.41*C) 095 041b 2000 b 1885 ¢ 94
50M  q=(0.40*2500*C)/(1+0.40*C) 0.88 0.40b 2500 a 2274 b 90
60M  q=(0.57*2500*C)/(1+0.57*C) 091 0.57a 2500 a 2285a 91

Zn
IOM  q=(0.02*¥1250*C)/(1+0.02*C) 0.83 0.02f 1250 e 937f 74
20M  q=(0.06*1666.6*C)/(1+0.06*C) 0.80 0.06¢ 1666,6 d 1390 e 83
30M  q=(0.12*¥2000*C)/(1+0.12*C) 0.89 0.12d 2000 c 1775d 88
40M  q=(0.17*2000*C)/(1+0.17*C) 0.88 0.17¢ 2000 b 1797 ¢ 81
50M  q=(0.19*2500*C)/(1+0.19*C) 0.88 0.19b 2500 a 22140 88
60M  q=(0.30*2500*C)/(1+0.30*C) 091 0.30a 2500 a 2265a 90

C = Cu/Zn concentration in the equilibrium solution; q = Cu/Zn adsorbed to soil. “k = constant
related to adsorbent affinity for the adsorbate.’MAC = maximum adsorption capacity of Cu/Zn. (%)
= the value in parenthesis indicates the percentage of adsorbed copper, considering the MAC-Cu/Zn
fitted by the Langmuir model as a value of 100%."Means followed by the same letter in the column
do not differ statistically from one another by the Tukey test at 5%.

A disponibilidade de metais potencialmente téxicos, como o Cu e Zn sdo
intimamente dependentes dos fenomenos de sor¢ao e dessor¢ao das fases solidas do solo, que
por sua vez, estdo relacionadas as reacdes de complexagdo quimica com ligantes inorganicos
e organicos (Violante et al., 2008; Tahervand and Jalali, 2017). Alguns estudos mostram que
o Cu apresentou prioridade de afinidade de adsor¢do com grupos funcionais de particulas
minerais dos solos, sobretudo, com os 6xidos de Fe (Yang et al., 2014; Diagboya et al., 2015).
Neste estudo, esse comportamento foi mais caracteristico nos solos com elevados teores de
argila e, consequentemente, de 6xidos, o que pode ter favorecido a formacao de precipitados
de sulfeto de Fe. Assim, a imobilizacdo do Cu por precipitagdo ou a readsor¢do nos
precipitados secundarios de sulfetos, pode ter promovido a diminui¢do da disponibilidade
ambiental desse metal pesado (Manzano et al., 2019). Desta forma, esses solos adsorveram,
preferencialmente, mais Cu que Zn.

Quanto a variagio dos teores de OM, a MAC-Cu aumentou de 527 mg Cu kg no
solo com 0,5% de OM (10M), para 2285 mg Cu kg de Cu no solo com 9,5% de OM (60M),
que foi o maior MAC-Cu (Tabela 3). Por outro lado, a MAC-Zn aumentou de 937 mg Zn kg
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no solo com 0,5% de OM (10M), para 2265 mg Zn kg ™' no solo com 9,5% de OM (60M),
maior valor de MAC-Zn (Tabela 3).

Muitos estudos demonstram que a OM ¢ o principal adsorvente que controla a
particdo de metais pesados entre a fase soOlida e a solugdo do solo, determinando a
solubilidade e a mobilidade desses elementos quimicos na matriz do solo (He et al., 2017;
Refaey et al., 2017). Isto ocorre gragas a grande area superficial especifica, somada a presenca
de numerosos sitios reativos de ligacdo dos grupos funcionais da OM, como carboxila,
hidroxila, aldeido, cetona, éster, amino, nitro e tiol (Ondrasek et al., 2019). Estas propriedades
proporcionam alta afinidade de adsor¢do para os metais pesados, conferindo alta capacidade
de adsor¢do de Cu e Zn. Assim, espera-se que solos com maiores teores de OM apresentem
menor biodisponibilidade de Cu e Zn (Shi et al., 2018).

Convém destacar que os menores valores de MAC-Cu e MAC-Zn foram observados
nos solos que apresentaram os menores teores de argila (4% de argila)(1CL) e aqueles que
apresentaram menores teores de OM (0,5% de OM)(10M)(Tabela 3). Isso pode ser utilizado
como indicativo de que solos com essas caracteristicas possuem maior potencial de
transferéncia de Cu e Zn para a solugdo, o que pode contribuir para o aumento da
contamina¢do de dguas (Mahar et al., 2016; Ashraf et al., 2019). Mas também, toxidez as
plantas (Karaca et al., 2018).

Quando comparados os dois metais pesados, os resultados indicam sor¢do mais forte
de Cu, o que pode ser observado nos solos com maiores teores de argila e OM (Tabela 3).
Entretanto, para o Zn houve sor¢cdo mais forte, especialmente, nos solos com maiores teores
de argila (Shaheen et al., 2009). Estudos mostram que o Cu ¢ adsorvido mais fortemente, em
relagdo ao Zn, a grupos funcionais de particulas reativas do solo (Tabelin et al., 2018).
Issoacontece porque, o Cu possui configuracio eletronica [Ar]3d'%4s', o que faz com que seja
altamente reativo com os grupos funcionais da OM que contém S e N, além dos grupos
funcionais carboxilicos e fendlicos (Casali et al., 2008; Brunetto et al., 2017). Embora a
migracdo do Cu no solo seja lenta, alguns estudos mostram riscos potenciais para causar

toxidez em plantas e contaminar aguas subsuperfiais (Qin et al., 2018).

Figure 8. Cu and Zn adsorption isotherms in soils with different clay contents and different
levels of organic matter : 1CL = 4% clay; 2CL = 17% clay; 3CL = 31% clay; 4CL = 44%
clay; SCL = 57% clay; 6CL = 70% clay; 1OM = 0.5% OM; 20M = 2% OM; 30M = 4% OM,;
40M = 6% OM; 50M = 8% OM and 60M = 9.5% OM. The curves shown represent the
adjustment by the Langmuir model. MAC-Cu = maximum Cu adsorption capacity and MAC-
Zn = maximum Zn adsorption capacity.
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5.6.2 Limites criticos de transferéncia de Cu e Zn para a solucio do solo

O uso de equagdes segmentadas, como mostrado na figura 2 ¢ um método que pode
ser utilizado em estudos que avaliam e estimam a partir de qual ponto ocorre a rapida
transferéncia de elementos quimicos adsorvidos as particulas da fase sélida do solo para a
agua (Zhang et al., 2020). Neste estudo, esse ponto corresponde ao limite critico de
transferéncia (threshold-T-Cu e T-Zn) e podem ser usados para estimar valores de
disponibilidade e nas avaliagdes de risco potencial da mobilidade de metais pesados em uma

amplo numero de solos (S. Peng et al., 2018).

Figure 9. Cu and Zn concentration in water as a function of the amount of Cu an Zn available
in the soil extracted by Mehlich-1, in soils with different clay contents: 1CL = 4% clay; 2CL
= 17% clay; 3CL = 31% clay; 4CL = 44% clay; SCL = 57% clay; 6CL = 70% clay; 1OM =
0.5% OM; 20M = 2% OM; 30M = 4% OM; 40M = 6% OM; 50M = 8% OM and 60M =
9.5% OM. The highlighted values indicate the Critical Limit of Transferem solos (T-Cu e T-
Zn) to water.
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Para o solo que possui 4% de argila, a partir de 81 mg Cu kg™, extraido por Mehlich-

1, ocorreu rapido incremento das concentragdes de Cu na agua, sinalizando que esse valor € o

T-Cu para solos com essa caracteristica. Os valores para o T-Cu para os solos com 17%, 31%,
44%, 57% e 70% de argila foram 163, 295, 383, 436 ¢ 588 mg Cu kg'l, respectivamente
(Figura 2).

Para o solo que possui 0.5% de OM, a partir de 97 mg Cu kg™, extraido por Mehlich-

1, ocorreu rapido incremento das concentragdes de Cu na agua, sinalizando que esse valor € o

T-Cu para solos com essa caracteristica. Os valores para o T-Cu para os solos com 2%, 4%,

6%, 8% ¢ 9,5% de OM foram 261, 405, 368, 459 e 522 mg Cu kg '1, respectivamente (Figura

2).

Como os valores dos T-Cu e T-Zn na figura 2 indicam os teores de Cu e Zn, a partir

dos quais, ocorre o aumento rapido de transferéncia desses elementos dos solos para a agua,

por motivos de seguranca, ¢ recomendavel que este limite ndo seja atingido. Desta forma,

neste estudo, para o estabelecimento dos limites criticos de tranferéncia de Cu e Zn foi

considerado o valor correpondente a 80% dos T-Cu e T-Zn. Conforme este critério, para o
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solo (Oxisol) os valores para o T-Cu foram 65, 131, 236, 307, 350 e 471 mg Cu kg para os
solos com 4%, 17%, 31%, 44%, 57% e 70% de argila, respectivamente (Figura 2). Para o solo
(Inceptisol) os valores para o T-Cu foram 78, 209, 324, 295, 368 ¢ 418 mg Cu kg 'para os
solos com 0.5%, 2%, 4%, 6%, 8% ¢ 9.5% de OM, respectivamente (Figura 2).

O ponto indicativo de rapida transferéncia de Cu adsorvido nas particulas dos solos
para a agua foi maior nos solos com maiores teores de argila e, desta forma, maiores
concentracdes de Cu foram extraidas por Mehlich-1 até que esse ponto fosse atingido.
Segundo a Legislagdo brasileira o valor limite de Cu nos solos agricolas nao deve exceder 200
mg Cu kg™, e para as dguas subterrdneas esse valor ¢ de 2,0 mg Cu L' (CONAMA, 2009).
Por outro lado, a Organizagdo Mundial da Satide (OMS) estabeleceu valor limite de 1 mg Cu
L' para 4guas potaveis (OMS, 2011). Portanto, esses valores ndo devem ser atingidos para
evitar riscos de poluicao ambiental.

Em estudos de fitorremediacdo de solos contaminados, De Conti et al., (2019)
mostraram que adigdo de 80 mg Cu kg causou aumento acentuado da concentragio de Cu
soluvel no solo, o que indica que parte dos sitios de adsorcdo de Cu desse solo foram
saturados. No entanto, sintomas de toxidez foram observados em videiras somente apds
adi¢io de 200 mg Cu kg no solo (Brunetto et al., 2017). Toselli et al. (2008) observaram
sintomas de toxidez de Cu em pereiras e videiras cultivadas em solos arenosos, enquanto
nenhum sintoma foi verificado em cultivos realizados em solos argilosos apods taxa de
aplicacdo de até 1000 mg Cu kg™'. Isso mostra baixa capacidade de sor¢do de Cu em solos
arenosos ¢ alto potencial de toxidez as plantas. Além disso, a extensdo dessa fragao pode
representar preocupacdo por conta de sua mobilidade por escoamento superficial e lixiviagao,
principalmente quando em excesso em solos arenosos (Babcsanyi et al., 2016).

Para o solo (Oxisol) que possui 4% de argila, a partir de 195 mg Zn kg™, extraido por
Mehlich-1, ocorreu rapido incremento das concentracdes de Zn na agua, sinalizando que esse
valor ¢ o T-Zn para solos com essa caracteristica. Os valores para o T-Zn para os solos com
17%, 31%, 44%, 57% e 70% de argila foram 202, 217, 312, 397 e 373 mg Zn kg'l,
respectivamente (Figura 2). Para o solo que possuia 0,5% de OM, a partir de 154 mg Zn kg™,
extraido por Mehlich-1, ocorreu rapido incremento das concentracdes de Zn na agua,
sinalizando que esse valor ¢ o T-Zn para os solos com essa caracteristica. Os valores para o T-
Zn para os solos com 0.5%, 2%, 4%, 6%, 8% e 9.5% de OM foram 154, 249, 348, 335,327 ¢
88 mg Zn kg™, respectivamente (Figura 2).

Considerando o valor correspondente a 80% do T-Zn, conforme este critério, para o

solo (Oxisol) os valores para o T-Zn foram 156, 162, 174, 250, 318 ¢ 298 mg Zn kg'1 para os
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solos com 4%, 17%, 31%, 44%, 57% e 70% de argila, respectivamente (Figura 2). Para o solo
(Inceptisol) os valores para o T-Zn foram 123, 200, 279, 268, 262 ¢ 71 para os solos com
0.5%, 2%, 4%, 6%, 8% ¢ 9.5% de OM, respectivamente (Figura 2).

Diferentemente do Cu, o ponto indicativo de rapida transferéncia de Zn adsorvido
nas particulas reativas da fase solida do solo para a agua foi maior nos solos com maiores
teores de OM. Desta forma, maiores concentragdes de Zn foram extraidas por Mehlich-1 até
que esse ponto fosse atingido. Segundo a Legislacao brasileira o valor limite de Zn nos solos
agricolas ndo deve exceder 450 mg Zn kg™, e para as 4guas subterraneas esse valor ¢ de 1.05
mg Zn L' (CONAMA, 2009). Por outro lado, a Organizagio Mundial da Satde (OMS)
estabeleceu valor limite de 3 mg Zn L' para 4guas potaveis (OMS, 2011). Portanto, esses
valores ndao devem ser atingidos para evitar riscos de poluigao ambiental.

Apesar da maior afinidade de ligacdo do Zn aos grupos funcionais da fase solida da
fragdo mineral do solo, ainda assim, uma porg¢ao pode se ligar aos grupos funcionais da fase
solida da fragdo organica, como grupos contendo S, N, grupos carboxilicos e fendlicos
(Tiecher et al., 2013). Isto ocorre, especialmente quando os sitios adsorventes de alta
afinidade estdo saturados (Fernandez-Calvino et al., 2012; Tiecher et al., 2018), o que ¢
consistente com a conclusdo de que a estimativa da concentragdo de Zn no solo possui
relevante correlagdo com a OM (Sun and Zhang 2017).

A relagdo entre os teores de argila (Oxisol) e OM (Inceptisol) com os valores de T-
Cu se ajustou a um modelo matematico do tipo potencial. Como mencionado anteriormente,
para o estabelecimento dos valores dos limites criticos de transferéncia (T-Cu) foi
considerado 80% do valor do T-Cu, desta maneira, a equagdo que representa o T-Cu é: T-Cu
(mg kg'1)= 75%(%CL"**)*(%0M"*") onde “%CL” ¢ o teor de argila do solo em percentagem
e “%0M?” ¢ o teor de matéria organica do solo em percentagem. Esta equacdo representada
por um modelo potencial foi bastante eficiente para caracterizar os dados que deram origem a
formula do T-Cu, apresentando coeficiente de determinagdo de 0.95 e significativo a 0.1%

(Figura 3).



105

Figure 10. Critical Limit of Cu and Zn Transfer (T-Cu and T-Zn threshold) as a function of
clay (CL) and organic matter (OM) content.
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No entanto, a mesma equagao nao se aplica para o estabelecimento dos valores do T-
Zn, pois ao submeter os teores de argila (Oxisol) e OM (Inceptisol) & andlise de regressao
multipla, ndo foi possivel determinar um modelo com parametros significativos. Entdo, para o
estebelecimento do T-Zn optou-se pelo uso de equagdes individuais para cada tipo de solo
(Oxisol e Inceptisol), e verificou-se que a relacdo entre os teores de argila (Oxisol) com os
valores T-Zn permitiu o ajuste de um modelo matematico do tipo linear.

Para o estabelecimento dos valores dos limites criticos de transferéncia (T-Zn) foi
considerado 80% do valor do T-Zn e, desta maneira, a equacdo que representa o T-Zn com
base no teor de argila (Oxisol) foi T-Zn=2.7*(%CL)+126, onde “%CL” ¢ o teor de argila do
solo em percentagem. Os dados que deram origem a equagdo apresentaram coeficiente de
determinagdode 0.83 (Figura 3). Considerando a relagao entre os teores de matéria organica
(Inceptisol) com os valores T-Zn, a equacdao que representa o T-Zn se ajustou a um modelo
matematico quadratico T-Zn=-9.3*(%OM?)+92.4*(%0OM)+66, onde “%OM” ¢ o teor de
matéria organica do solo em percentagem. Os dados que deram origem a equagdo
apresentaram coeficiente de determinagao de 0.98 (Figura 3).

As concentragdes de Cu-agua e Zn-agua e os teores de Cu e Zn extraidos por
Mehlich-1 dos solos que receberam as menores doses de Cu e Zn foram muito baixas,
proximo de zero (Figura 2). No entanto, com a adi¢do das maiores doses de Cu e Zn se
observou aumento significativo das concentragdes de Cu e Zn na dgua (Figura 2). Parao Cu e
0 Zn esse aumento ocorreu por ultimo nos solos com maiores teores de argila e OM.
Reconhece-se que a afinidade de adsor¢cdo dos metais pesados varia muito entre os diferentes
tipos de solos e esta correlacionada primordialmente com o pH do solo, capacidade de troca
de cations (CTC), 6xidos amorfos, OM e teor de argila (Jovic et al., 2017). Portanto, estes
atributos constituem fatores importantes que regem a concentragao desses elementos no solo
(Dorini et al., 2016), sendo que o Cu e Zn sdo frequentemente considerados como tendo alta
afinidade de ligacdo aos coldides do solo (Diagboya et al., 2015). Obviamente, quando Cu e
Zn sdo acrescentados nos solos em grandes quantidades podem ser perdidos por lixiviagdo,
especialmente, em solos arenosos (Brunetto et al., 2017; Burges et al., 2018; Hammerschmitt
et al., 2020; Cui et al., 2020). Solos contaminados por Cu e Zn, podem inibir a sobrevivéncia
das plantas devido a fitotoxidez, o que depende dos valores das concentragdes biodisponiveis
(Karaca et al., 2018).

Os solos com maiores teores de argila € OM suportaram maiores adigdes de Cu e Zn,
do que aqueles com menores teores de argila e OM, refletindo em menores concentragdes de

Cu e Zn na agua (Figura 2). Isso aconteceu devido a alta afinidade de ligacdo desses ions com
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grupos funcionais reativos presentes em varios constituintes das fases mineral e organica do
solo (Schramel et al., 2000). Na fase so6lida do solo, os metais pesados podem ser adsorvidos
por mecanismos como troca idnica, adsorcdo especifica e complexacdo com a matéria
organica do solo (Alloway, 1995). A adsor¢do por troca idnica ¢ fraca e nao muito estavel. Na
adsorcao especifica em grupos funcionais de particulas inorganicas, um metal pesado, como o
Cu ou Zn, perde parcial ou completamente sua 4gua de hidrata¢do, formando o complexo de
esfera interna com a superficie dos 6xidos (Bradl, 2004). J4 a ligagdo entre metais pesados e a
matéria organica do solo pode ocorrer por troca iénica entre 0 H' dos grupos funcionais e o
ion metalico (Alleoni et al., 2005). Sendo assim, a sor¢ao de ions metalicos, como o Cu e Zn,
ocorre preferencialmente na forma de complexos superficiais de esfera interna, sem
interposicao de moléculas de adgua entre ions e aglutinantes (Sposito, 2008). Com base em
estudos sobre fitodisponibilidade de metais potencialmente toxicos, Salam et al. (2019)
concluiram que as concentragdes totais de Cu e Zn obtidas em solos, ndo apresentaram
correlagdo com as concentragdes fitodisponiveis, especialmente porque apenas os ions em
formas livres na solugdo do solo sdo fitodisponiveis. Além disso, ambos os elementos podem
competir pelos mesmos sitios de adsor¢ao, o que pode causar o aumento da disponibilidade de
um desses elementos na solucdo do solo, em detrimento do outro (Tiecher et al., 2018). Dessa
maneira, a cinética de sor¢do desses elementos no solo ¢ diferente, quando ambos sao
adicionados simultaneamente ou quando sdo adicionados sozinhos (Tiecher et al., 2016).
Muitos esfor¢os de remediacdo sdo feitos para reduzir a contaminacao de solos,
resultante de metais potencialmente toxicos. A incorporagdo ou a preservacdo de OM ou
praticas de manejo do solo que vissem a manutengdo dos teores de argila sdo estratégias
pertinentes que contribuem com o aumento da capacidade de retencdo de metais
potencialmente téxicos, como o Cu e Zn no solo, resultando em diminui¢do da
biodisponibilidade ¢ mobilidade desses elementos no solo, o que reduz o potencial de

contaminagdo ambiental.

5.7 CONCLUSAO

Os solos com maiores teores de argila e OM apresentaram maiores valores de MAC
e, portanto, suportam maiores adi¢des de Cu e Zn. As variagdes nos teores de argila e OM
governam a disponibilidade de Cu e Zn em diferentes tipos de solos, indicando que solos
arenosos € com baixo teor de OM, apresentam maior vulnerabilidade para a contaminagao

ambiental.
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Os valores indicativos de limite critico de transferéncia (threshold) de Cu (T-Cu)
variaram de 81 mg Cu kg até 588 mg Cu kg, sendo os menores valores observados nos
solos contendo menores teores de argila (Oxisol). Os valores do T-Cu de Cu variaram de 97
mg Cu kg até 522 mg Cu kg, sendo os menores valores observados nos solos contendo
menores teores de OM (Inceptisol). Enquanto que, os valores do T-Zn de Zn variaram de 195
mg Zn kg até 397 mg Zn kg, sendo os menores valores observados nos solos contendo
menores teores de argila (Oxisol). Os valores (threshold) de T-Zn de Zn variaram de 88 mg
Zn kg™ até 348 mg Zn kg™, sendo os menores valores observados nos solos contendo menores
teores de OM.

O uso de equacdes: T-Cu (mg kg-1)= 75%(%CL’**)*(%0OM"*?) para a estimativa dos
valores de T-Cu; T-Zn=2.7*(%CL)+126 e T-Zn= -9.3*(%OM)*+92.4*(%OM)+66 para
estimativa dos valores de T-Zn podem ser utilizadas como balizadores seguros para o6rgaos de
fiscalizagdo, institui¢des de assisténcia técnica e agricultores, como indicadores para o

monitoramento do potencial da contaminag¢do ambiental.
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6 DISCUSSAO GERAL

As videiras cultivadas na regido Sul do Brasil estdo localizadas em areas com
condigdes climaticas favoraveis a ocorréncia de doencgas fingicas foliares, isso devido as
precipitagdes frequentes e em volumes elevados. Isso propicia alta umidade no dossel
vegetativo das videiras, favorecendo o aparecimento e desenvolvimento de doencas fingicas.
Com isso, o uso de fungicidas a base de Cu e Zn para o controle preventivo dessas doengas,
pode acarretar acaimulo desses metais no solo ao longo dos anos, o que pode potencializar a
contaminagdo de aguas superficiais ou subsuperficiais, mas também a toxidez dos dois metais
as plantas. O maior potencial de contaminagdo ou toxidez, pode ser estimado pelo
estabelecimento de LCT de Cu e Zn, que indica os teores de Cu e Zn a partir dos quais os
dois elementos sdo transferidos para a solugdo do solo, representando aumento do potencial
de contamina¢do ambiental, mas também da avaliacao da distribuicdo e da CMA de Cu e Zn
em solos. Com base nesta problemadtica, os estudos 1, 2 e 3 foram propostos.

No estudo 1 se observou os maiores acumulos de fra¢des e valores de CMA de Cu e
Zn, na camada mais superficial dos solos de vinhedos mais antigos, que possuiam maior
historico de aplicagdes de fungicidas. Nas camadas mais superficiais dos solos argilosos dos
vinhedos, a maior parte do Cu foi distribuida na fragdo (Cupy). Porém, na camada mais
profunda, a maior parte do Cu foi distribuida na fracdo (Cuyiy). Enquanto que para o Zn os
seus maiores teores foram observados na fracdo (Zng) no solo das duas camadas avaliadas.
Por outro lado, nas duas camadas dos solos arenosos de vinhedos, a maior parte do Cu e Zn
foram distribuidos na fra¢do (Cumin € Znyin). Como observado, o teor de argila ¢ um dos
fatores de maior importancia na adsor¢cdo de Cu e Zn no solo e, consequentemente, nas suas
disponibilidades. Assim, o aumento da quantidade de argila presente no solo tende a aumentar
os teores de Cu e Zn adsorvidos pelo solo, sendo que o Cu interage mais fortemente com a
superficie das argilas do que o Zn. J& o Cu apresentou maior sor¢do com a matéria organica,
quanto em compara¢do com as fragdes minerais do solo.As CMA Cu/Zn diminuiu com o
aumento da idade dos vinhedos, sendo os maiores valores observados nas entre linhas dos
vinhedos. Os solos argilosos apresentaram maior CMA Cu/Zn, em relagdo aos solos arenosos,
especialmente, por causa do maior teor de matéria organica.

No estudo 2 0 LCT de Cu variou de 118 a 187 mg Cu kg™, sendo os menores valores
observados em misturas de solos contendo menores teores de argila em combinagdo com

maiores teores de MOS. O LCT de Zn variou de 61 a 116 mg Zn kg, sendo os maiores
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valores observados em misturas de solos contendo os menores teores de argila em
combinagdo com maiores teores de MOS.

No estudo 3, os valores indicativos de limite critico de transferéncia de Cu (T-Cu)
variaram de 81 mg Cu kg até 588 mg Cu kg, nos solos contendodiferentes teores de argila
(Oxisol). Os valores do T-Cu de Cu variaram de 97 mg Cu kg™ até 522 mg Cu kg, nos solos
contendo diferentes teores de MO (Inceptisol). Enquanto que, os valores do T-Zn de Zn
variaram de 195 mg Zn kg™ até 397 mg Zn kg™, nos solos contendo diferentes teores de argila
(Oxisol). Os valores de T-Zn de Zn variaram de 88 mg Zn kg™ até 348 mg Zn kg™, nos solos
contendo diferentes teores de MO.

Assim, praticas que mantém ou incrementam os teores de matéria organica em solos
podem diminuir a disponibilidade de Cu e Zn no solo, bem como a redistribuicao desses
elementos em todas as fracdes, mantendo estes metais indisponiveis as plantas.

A imposicao de limites criticos de transferéncia (LCT) de Cu e Zn para a solugdo do
solo pode ser um pardmetro para a regulacdo de concentragdes maximas permitidas desses
elementos em solos e podem ajudar a indicar o real risco de contaminagao ambiental e toxidez
as plantas.Os resultados podem determinar o real potencial de toxidez de fragdes de Cu e Zn
as plantas, inclusive as videiras, mas também o risco de poluicdo ambiental.

O uso de equagdes: T-Cu (mg kg-1)= 75%(%CL"**)*(%OM’*) para a estimativa dos
valores de T-Cu; T-Zn=2.7%(%CL)+126 ¢ T-Zn= -9.3*(%OM)*+92.4*(%OM)+66 para
estimativa dos valores de T-Zn podem ser utilizadas como balizadores seguros para érgaos de
fiscalizacdo, instituigdes de assisténcia técnica e agricultores, como indicadores para o
monitoramento do potencial da contamina¢do ambiental. Portanto, o conhecimento dos
limites criticos de transferéncia (LCT) para os metais pesados, dentre eles Cu e Zn, ¢ uma
importante ferramenta que pode ser usada para prevenir a poluicdo ambiental através do
gerenciamento de praticas de manejo na producdo agricola que levam ao excesso de metais

pesados no solo.



116

7 CONCLUSOES GERAIS

Quantidades de Cu e Zn disponiveis superiores aos valores maximos suportados pelo
solo aumentam os riscos de transferéncia desses elementos para as aguas superficiais e/ou
subsuperficiais, resultando em maiores riscos de contaminagdo ambiental por esses elementos.

Os solos com maiores teores de argila e MOS apresentaram maiores valores de CMA
e, portanto, suportam maiores adicoes de Cu e Zn. As variagdes nos teores de argila e MOS
governam a disponibilidade de Cu e Zn em diferentes tipos de solos, indicando que solos
arenosos € com baixo teor de MOS, apresentam maior vulnerabilidade para a contaminagdo
ambiental.

O T-Cu pode ser estimado pela equagdo T-Cu (mg kg-1)= 75*(%CL™**)*(%0OM"*).
O T-Zn pode ser estimado pelas equagdes T-Zn=2.7*(%CL)+126 e T-Zn= -
9.3%(%0OM)*+92.4*(%OM)+66. Os valores de T-Cu e T-Zn obtidos por estas equacdes
podem utilizados como balizadores seguros para orgdos de fiscalizacdo, instituicdoes de
assisténcia técnica e agricultores, como indicadores para o monitoramento do potencial da
contaminagdo ambiental.

Os maiores acumulos de fragdes de Cu e Zn foram observados na camada mais
superficial dos vinhedos mais antigos, instalados em solo argiloso e arenoso, que possuiam
maior historico de aplicagdes de fungicidas, que na composi¢ao possuiam os dois metais
pesados.

As maiores capacidades maximas de adsor¢do de Cu e de Zn (CMA Cu/Zn) foram
observadas nas camadas superficiais dos solos argilosos e arenosos de vinhedos. Os solos
argilosos apresentaram maior CMA Cu/Zn, em relacdo aos solos arenosos, especialmente, por
causa do maior teor de matéria organica. As CMA Cu/Zn diminuiu com o aumento da idade

dos vinhedos, sendo os maiores valores observados nas entre linhas dos vinhedos.
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APENDICE C: Pagoca de carne de sol

Caracterizacio:

A gastronomia nordestina tem um sabor especial, alguns pratos tipicos da culindria
nordestina sdo bem peculiares devido aos sabores marcantes, com o tempero piauiense ndo €
diferente. A pacoca de carne de sol ¢ um dos pratos tipicos mais apreciados e valorizados
nessa regido. Uma particularidade deste prato, ¢ que o sol, muito intenso durante todo o ano, ¢
usado de forma antagdnica, ja que a carne € colocada a sombra e, apenas as altas temperaturas
e 0 vento natural, muitos comuns nesta regido do Brasil, sdo usados para secé-la. A cidade de

Campo Maior, Piaui, ¢ considerada nacionalmente como a “capital da carne de sol”.

SOLUCOES:

- 2 kg de carne de sol picada em cubos;

- 500 g de farinha branca (farinha de mandioca);,

- 4 unidades de cebola branca picada;

- 4 dentes de alho;

- 100 mL de manteiga da Terra (manteiga de origem animal);
- 1 unidade de cebola roxa;

- 1 unidade de macgo de coentro picado;

- Sal a gosto

PROCEDIMENTO DE ANALISE;

a) Em uma panela aberta, sele a “carne de sol”” aos poucos e reserve;

b) Apos toda a carne selada, devolva a panela bem quente para evitar perca dos liquidos. Torre bem
até ficar em ponto de desfiar;

¢) Adicione a cebola, o alho e refolgue;

d) Apds tudo bem tostado, retire da gordura e leve ao pilao adicionando farinha branca aos poucos,
até a carne de sol ficar bem macerada;

e) Servir com cebola roxa e coentro.
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